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ABSTRACT 
 
 
Hydrological Characterization of a Riparian Vegetation Zone Using High Resolution 
Multi-spectral Airborne Imagery 
by 
Osama Z. Akasheh, Doctor of Philosophy 
Utah State University, 2008 
Major Professor: Dr. Christopher M. U. Neale 
Department: Biological and Irrigation Engineering 
The Middle Rio Grande River (MRGR) is the main source of fresh water for the 
state of New Mexico. Located in an arid area with scarce local water resources, this has 
led to extensive diversions of river water to supply the high demand from municipalities 
and irrigated agricultural activities. The extensive water diversions over the last few 
decades have affected the composition of the native riparian vegetation by decreasing the 
area of cottonwood and coyote willow and increasing the spread of invasive species such 
as Tamarisk and Russian Olives, harmful to the river system, due to their high 
transpiration rates, which affect the river aquatic system. The need to study the river 
hydrological processes and their relation with its health is important to preserve the river 
ecosystem. 
To be able to do that a detailed vegetation map was produced using a Utah State 
University airborne remote sensing system for 286 km of river reach. Also a groundwater 
model was built in ArcGIS environment which has the ability to estimate soil water 
potential in the root zone and above the modeled water table. The Modified Penman-
 iii 
Monteith empirical equation was used in the ArcGIS environment to estimate riparian 
vegetation ET, taking advantage of the detailed vegetation map and spatial soil water 
potential layers. Vegetation water use per linear river reach was estimated to help 
decision makers to better manage and release the amount of water that keeps a sound 
river ecosystem and to support agricultural activities.  
(155 pages) 
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CHAPTER 1  
GENERAL INTRODUCTION 
 Rivers around the earth have been the cradles for all major civilizations. For 
example, the Mesopotamian civilization along the Tigris and Euphrates, the Egyptian 
civilization along the Nile, the Harrapan civilization along the Indus valley, and the  
Chinese civilization along Yangtze Rivers, are examples of major civilizations supported 
by rivers. The link between civilization and rivers is that rivers have traditionally been 
the main source of water for household use, cultivation of crops, raising livestock, and 
transport of people and materials.  
 The Middle Rio Grande River flows through an arid area and is the main source 
of water for the people of central New Mexico. Currently, approximately 40% of New 
Mexico’s population lives in the Middle Rio Grande River (MRGR) valley and depends 
on the river for their water supply and sustenance. According to Bartolino (1997), the 
MRGR is a “critical basin” owing to the fact that its riparian system and the groundwater 
in the basin support both rapid economic and population growth.  
 A river system and its riparian zone are both open ecosystems dynamically linked 
to each other along the river laterally and vertically by hydrological and geomorphic 
processes (Ward, 1989). Both the hydrologic and geomorphic processes act as primary 
ecosystem drivers where chemical and biological factors act as secondary response 
variables (Tabacchi et al., 1998). The surface soil layer (root zone) controls water 
movement and retention which in turn controls the main water supply for riparian 
vegetation especially during dry periods when groundwater and river levels are low. 
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 Interaction between river discharge and groundwater has a large influence on 
water use by vegetation at all stages (Tabacchi et al., 1998). Therefore, riparian 
vegetation is considered an important indicator of hydrological and geomorphic events 
(Nilsson, 1987). 
PROBLEM STATEMENT 
 The relatively large amount of water diverted from MRGR for immediate human 
use (namely domestic, industry, and agriculture) affect both the groundwater table depth 
in the immediate river surroundings, the riparian vegetation water needs as well as the 
river ecosystem water needs. The state of New Mexico is in the process of developing 
better strategies for managing water resources in the MRGR basin. Of specific interest in 
this context is the need to estimate how much water is being used by the riparian zone 
vegetation, and to what extent this affects groundwater depth.  Currently, little is known 
about the interaction between groundwater and riparian vegetation water use (Tabacchi et 
al., 1998).  
 In estimating the riparian vegetation water use, it is not enough to simply estimate 
the ET for the different vegetation types involved. The area covered by each type of 
vegetation along the river must also be known in order to convert the ET value for each 
vegetation type to the total water use. This can be achieved by multiplying the individual 
area estimates with the ET value.  
 The major types of riparian vegetation along the MRGR include the Tamarisk 
(Tamarix ramosissima) and the native vegetation (e.g. Cottonwood (Populus deltoids)) 
(see Chapter 2). How much water the Tamarisk uses as compared to other native 
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vegetation types is unknown. The major concern with the Tamarisk is that it is deemed 
harmful to the river system; its roots can go very deep, and in dry conditions it lowers the 
water table beyond the reach of any other vegetation, thus guaranteeing its survival. In 
addition, as a defensive measure, Tamarisk brings up the salts from the root zone and 
accumulates them on the soil surface to prevent any growth around it. This is one of the 
reasons why Tamarisk spreads fast along the river, outcompeting the native species.   
 Attempts have been made to use remote sensing (RS) and Geographical 
Information System (GIS) to estimate the water consumption of riparian vegetation as an 
input variable in the riparian zone hydrologic response function (Rango et al., 1983; 
Savabi et al., 1995).  They generally gave poor estimates and inaccurate riparian zone 
hydrologic accounting. A major factor contributing to these poor estimates was the use of 
low resolution remote-sensing data that tends to cover large areas, and for which no 
meaningful vegetation delineation can be made (Muller et al., 1993).   
 To complete the connectivity between groundwater and riparian vegetation, and 
for better estimates of ET, depth to water table representative of the entire riparian zone is 
needed. While point measurements can be used, these may not be representative of the 
entire riparian zone water table depth or its spatial variability. Such an estimate of water 
table depth representative of the entire riparian zone can be achieved using an appropriate 
groundwater model and iterative scheme.  
SIGNIFICANCE OF RESEARCH 
 Riparian vegetation is a major component of riparian zone hydrology, which in 
turn is fundamental to understanding riparian zone dynamics (Gurnell, 1995; Hughes et 
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al., 1997; Large, 1997).  Therefore it is important that the water consumption of riparian 
vegetation is properly and accurately estimated and correctly coupled to the groundwater 
response.  
 Understanding how high resolution remote sensing data could be used to improve 
estimation of riparian vegetation evapotranspiration, and the coupled groundwater 
response is important in water resources management, and is crucial for improving 
knowledge of riparian zone dynamics.  In addition, such high-resolution RS and GIS data 
could be used to produce high-resolution maps for improved regional water resource 
management (Goodrich et al., 2000; Shen et al., 2004). Mapping and estimating the water 
use by each vegetation type might lead to a better water resources management in the 
Middle Rio Grande River Basin. 
RESEARCH QUESTION 
Since MRGR flows in an arid area, and has water distribution problems among 
the competing interests, this research will address the following questions:  
(1) What is the water use by the major vegetation types in the riparian zone and can 
remote sensing be used to obtain evapotranspiration of riparian species?  
(2) What is the relationship between the riparian vegetation aggregate water use and the 
underlying water table depth?  
(3) Can the effect of the surrounding arid conditions on the riparian vegetation ET be 
taken into account? 
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RESEARCH OBJECTIVES 
 The major objectives of this study are as follows: 
(1) To produce a high-resolution riparian vegetation map for the MRGR based on 
airborne multi-spectral remote sensing. 
(2) To develop a model for estimating depth to water table and couple it with an 
evapotranspiration model 
(3) To combine the remotely sensed vegetation information and the groundwater/ET 
models to estimate spatial distribution of ET for the main riparian vegetation along 
reaches of the MRGR. 
(4) Validate the model results with measured evapotranspiration using eddy covariance 
flux towers 
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CHAPTER 2  
DETAILED MAPPING OF RIPARIAN VEGETATION IN THE MIDDLE RIO 
GRANDE RIVER USING HIGH RESOLUTION MULTI-SPECTRAL AIRBORNE 
REMOTE SENSING1 
ABSTRACT 
This paper describes procedures used to map riparian vegetation in the middle Rio 
Grande River, New Mexico. Airborne multi-spectral digital images were acquired at 0.5 
m spatial resolution over the riparian corridor of the middle Rio Grande River in July 
2001. The images were corrected for lens vignetting effects, lens radial distortions, 
rectified to a map base, mosaicked, calibrated in terms of reflectance and classified. The 
classification accuracy was assessed using ground truth information obtained through 
comprehensive field campaigns and independent ground truth information. Surface areas 
of vegetation classes and in-stream features were extracted from the classified imagery.  
A longitudinal vegetation distribution analysis was conducted to study the changes in 
vegetation and water surface areas along the river. This analysis showed an increase in 
surface areas of the invasive type of vegetation Tamarisk (Tamarix ramosissima) in the 
down stream direction corresponding to decreases in water surface areas and flow. This 
indicates significant impacts on the river ecosystem due to many factors. The high 
resolution airborne multi-spectral remote sensing proved to be a powerful tool for 
                                                 
1 Coauthored by Christopher M. U. Neale, and Harikishan Jayanthi. 
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mapping riparian vegetation which is very hard to map using satellite imagery due to its 
complexity, high diversity, and spatial variability occurring at finer scales. 
INTRODUCTION 
Remote sensing (RS), especially the use of high resolution multi-spectral imagery, 
has proven to be a very objective, reliable, and useful tool in inventorying riparian and 
wetland areas. Gaussman et al. (1977) delineated woody plant species using reflectance 
measurements. Field spectral-radiometric measurements were used to separate weed, 
wetland, and rangeland species (Best et al., 1981; Everitt et al., 1986; Gaussman et al., 
1983). Aerial inventorying of riparian and wetland vegetation classes initially consisted 
of using color infrared (CIR) photography (Bonner, 1981; Carneggie et al., 1983; Everitt 
and Deloach, 1990; Lonard et al., 1998; Tueller, 1982). The rigors involved in manual 
field inventorying and classification of riparian and wetland areas, the extent of time 
spent, and inaccessibility issues were all overcome by using RS techniques (Martin, 
1988). In addition, radiometric responses in the CIR photographs facilitated textural 
image analysis that helped delineate detailed vegetation types (Everitt, 1998).  
Resource scientists realized that airborne multi-spectral video RS systems 
provided information faster than photography or spectral-radiometry (Hutchinson et al., 
1990; Everitt et al., 1991; Meisner and Lindstrom, 1985; Neale, 1991; Nixon et al., 1987; 
Vlcek and King, 1985), and at lesser costs (Nixon et al., 1992).  Everitt and Nixon (1985) 
and Nixon et al. (1987) observed that airborne videography provided better near real time 
information for qualitative visual assessment of plant and soil conditions. Everitt et al. 
(1986, 1988), Kliman (1988), Lulla et al. (1987), Richardson et al. (1988, 1990), and 
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Weigand et al. (1988) used video digital count data to monitor plant growth, plant 
condition, and yield. As the video digital counts were uncalibrated, scene-to-scene 
comparisons and multi-temporal analyses were not possible owing to changing brightness 
conditions due to presence of clouds and change in solar zenith angle. Another 
disadvantage of video imagery was its relatively low resolution when compared to film 
(Mausel et al., 1992).  
Neale (1992, 1997), Bartz et al. (1994), Redd et al. (1994), and Shoemaker et al. 
(1994) observed that airborne multi-spectral videography was very cost effective in 
mapping riparian and wetland systems. Interestingly, King and Vlcek (1990) noted that 
absolute radiometric calibration of aerial multi-spectral imagery was not necessary in 
forestry and rangeland applications, and found that this approach was very cost effective 
and efficient. 
Airborne RS was implemented initially using aerial photographs which played an 
important role in early attempts in detailed vegetation mapping (Sandmann and 
Lertzman, 2003).  On the other hand, higher spatial resolution imagery showed good 
results for urban applications and extracting urban related features (Benediktsson et al., 
2003; Farag et al., 2001; Herold et al., 2003). Therefore, it is expected that high 
resolution imagery will have the ability to capture and separate different vegetation 
signatures and produce good results in vegetation mapping (Carleer and Wolff, 2004). 
Imagery from the LANDSAT Thematic Mapper (TM) and SPOT- HRV 
(“Système Pour l'Observation de la Terre” – High Resolution Visible) satellite 
instruments have proven insufficient for differentiating vegetation types in detailed 
vegetation studies (Harvey and Hill, 2001; Kalliola and Syrjanen, 1991) mostly due to 
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spatial resolution issues. The use of these images resulted in 40% or less classification 
accuracy (Czaplewski and Patterson, 2003). Satellite multi-spectral imagery, by virtue of 
its ability to cover large areas, has also been used to map riparian vegetation (Sugumaran 
et al., 2004; Williams, 1992). Limitations with satellite imagery are (1) the difficulties 
faced in distinguishing fine, ecological divisions between certain vegetation classes, (2) 
the larger pixel sizes with respect to the small scale variability in some riparian systems, 
and (3) the inability of passive sensors (such as optical multi-spectral imagery) from both 
satellite and airborne platforms to effectively penetrate the canopy and monitor the 
understorey vegetation. Riparian vegetation classes were observed to share common 
heterogeneous traits and similar spectral responses while using SPOT and TM data 
(Williams, 1992).  
It is important to mention that the term high resolution imagery can relate to 
spatial and spectral resolution. Spatial resolution is defined as the smallest area on the 
ground surface for which information is obtained in an image represented by a unit 
picture element or pixel, while spectral resolution represents the number of spectral bands 
and the band width that can be detected by the sensor or sensors in the RS system. 
Vegetation classification and mapping can be achieved using multi-spectral bands in the 
red, green and the near infrared wavelengths and high spatial resolution imagery is well 
suited for riparian systems in semiarid areas (Neale, 1992, 1997). 
Riparian vegetation is a major component of riparian zone hydrology, which in 
turn is fundamental to understanding riparian zone dynamics (Gurnell, 1995; Hughes et 
al., 1997; Large, 1997). It is therefore important that the water consumption of the 
riparian vegetation is properly and accurately estimated and correctly coupled to the 
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groundwater response. High spatial resolution RS data could be used to produce high 
resolution GIS-based thematic maps for improved regional water resource management 
(Goodrich et al., 2000; Shen et al., 2004). 
Detailed mapping of the riparian vegetation described in this paper will result in a 
better estimation of the water use by each vegetation type and the response of the coupled 
groundwater system, potentially leading to a more efficient water resources management 
in the Middle Rio Grande River Basin (MRGRB).    
METHODOLOGY 
Study Area 
 The study area consisted of the MRGRB that covers the area from Cochiti dam to 
Elephant Butte Dam, New Mexico (NM) (Figure 2.1). Forty percent of New Mexico’s 
population lives along this 286 km long stretch of river. The river flow is controlled by 
Cochiti dam, which releases water for municipal use, irrigation diversions, and to keep a 
sound river ecosystem (ideally) by maintaining river base flows. The river floodplain is 
bordered by two drains on each side. These drains serve the adjacent agricultural areas by 
collecting irrigation runoff water. Beyond the drains there is either irrigated agriculture or 
arid areas with natural vegetation which occupies most of New Mexico.  
 The main vegetation species along the riparian corridor are Cottonwood (Populus 
deltoids), Tamarisk (Tamarix ramosissima), Russian Olives (Elaeagnus angustifolia), 
and Coyote Willow (Salix exigua). 
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Figure 2.1 River section covered with imagery from the USU airborne system in 2001 
and ground truthing data point locations along the river.   Background map provided by 
the New Mexico Department of Tourism (2007) 
IMAGE ACQUISITION AND PROCESSING 
 High-resolution airborne multi-spectral imagery of the middle Rio Grande from 
Cochiti Dam down to Elephant Butte reservoir was acquired with the USU airborne 
multi-spectral digital system at spatial resolution of 0.5 m.  The image acquisition flights 
occurred on the 24, 25, and 26 of July, 2001, under mostly clear-sky conditions.  Figure 
2.1 also shows the sections of the river covered by the airborne imagery, as well as the 
approximate width of the riparian buffer, for which images were processed and analyzed.   
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 The present generation of the USU airborne multi-spectral digital system 
described by Cai and Neale (1999), is a newer version of the system presented by Neale 
and Crowther (1994).  It acquires spectral images using Kodak Megaplus 4.2i digital 
cameras with interference filters forming spectral bands in the green (0.545-0.555 µm), 
red (0.665-0.675 µm) and near-infrared (NIR) (0.790-0.810 µm) wavelengths of the 
electromagnetic spectrum.  The digital cameras were calibrated against a radiance 
standard following a method described by Neale and Crowther (1994) using natural 
sunlight.   The images were acquired at a nominal overlap of 60% along flight lines in 
one swath centered over the river.  For the most part, the 1-km swath width was enough 
to cover the riparian zone on both sides of the river, including the drains that ran parallel 
to the river on both sides.  
 The individual spectral band images were geometrically corrected for radial 
distortions (Sundararaman and Neale, 1997), radiometrically adjusted for lens vignetting 
effects (Neale and Crowther, 1994) and registered into three-band images.   The three-
band images were rectified to 1:24000 USGS digital orthophoto quads using common 
control points visible in both sets of imagery. The rectified images were mosaicked into 
larger image strips along the flight lines representing reaches of the river. The mosaicked 
strips were calibrated to a reflectance standard using the USU system camera calibration 
and concurrent measurements of incoming solar radiation using an Exotech radiometer 
with similar spectral bands as the airborne system.  The radiometer was placed looking 
down from nadir over a barium sulfate standard reflectance panel with known bi-
directional properties (Chavez et al., 2005; Neale and Crowther, 1994).   The panel was 
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located at the Albuquerque airport and the radiometer was sampled every 1 min 
throughout the airborne image acquisition period.  
 The image strips were segmented and named according to the corresponding 
1:24,000 orthophoto quad sheet they covered, and numbered from north to south.  For 
most of the USGS quad sheets in the present study, there were either two or three strips 
covering the river reaches in those quads.  
GROUND TRUTH DATA COLLECTION 
 Field visits were made to many locations along the river, using laminated rectified 
multi-spectral images prints to aid in the identification of different surfaces. Global 
Positioning System (GPS) equipment was used to locate and obtain the geographic 
coordinates of different vegetation types and spectral signatures identified in the field 
and/or visible in the printed images.  Polygons were drawn on the laminated maps using 
water-proof marker pens to characterize large monoculture vegetation extents. Efforts 
were made to conduct a detailed inventory of riparian and wetland classes in the selected 
multi-spectral prints by describing the overstorey and understorey vegetation classes to 
the species level. Forty map sheets, covering a total area of 40 km
2
 (each sheet covered 
an area of 1 x 1 km), were inventoried in this study. Four people were involved in the 
field campaign, two local researchers from University of New Mexico who gave 
guidance and facilitated access, and two graduate students from Utah State University. 
The trees were fairly easy to identify at the species level in the high-resolution multi-
spectral imagery, and each positive specie identification was accompanied by GPS 
coordinate to facilitate a revisit on the rectified digital images later. 
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 In addition, a second ground truthing dataset were made available by the US 
Bureau of Reclamation, Denver office, Colorado, from a vegetation mapping project 
covering the floodplain from Velarde to Elephant Butte (Callahan and White, 2004). This 
data set added more credibility to the accuracy assessment and confirmed previously 
collected features.  
IMAGE CLASSIFICATION PROCEDURE 
 The detailed ground truth information played a significant role in the development 
of the final classification in this study. Seventy percent of the ground truth data were used 
for identifying areas-of-interest (AOI) signature extraction polygons and in the generation 
of training signatures using ERDAS Imagine 8.5. The remaining 30% were later used in 
the accuracy assessment analysis.  
An iterative supervised classification procedure was used in this study. Initially, 
the supervised seeding routines in ERDAS Imagine 8.5 were used to extract spectral 
signatures for the major separable riparian and wetland classes. The transformed 
divergence (TD) method was used to test signature separability. This method statistically 
compares all spectral signatures in a signature set among themselves, assigning a TD 
index number between 0 and 2000, where the value of 2000 indicates total separability 
and 0 indicates the opposite. This method is fully explained in the ERDAS Field Guide 
(1999). The TD lower bound value of 1700 was used, which allows for some overlap or 
confusion among those classes, but decreases the overall number of classes required for 
the classification. This could be the case for signatures seeded to represent the same 
vegetation class, for example, the directly sunlit vs. the shaded side of a Cottonwood 
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canopy. Though there is overlap and spectral confusion between the signatures of these 
two seeded classes allowed by the lower TD bound, they will be eventually merged 
together after the classification into the Cottonwood class of the final product. The TD 
procedure generated a separability table where each class, when compared against each 
other through the TD index number, helped the operator identify any confusion between 
signatures.  
 The classification process was iterative. At each iteration, the existing signature 
set was used to classify the image using the maximum likelihood scheme, leaving the 
unclassified rule option in ERDAS Imagine as “unclassified.” In this way, pixels that did 
not belong to any of the existing classes in the signature set were left blank, or 
unclassified. By comparing the resulting classified image with the calibrated three-band 
mosaic, new signatures were obtained to represent the larger blank or unclassified areas, 
adding to the signature set. The new signatures were compared against the existing 
signatures using the TD method and overlapping signatures were dropped. The resulting 
remaining signature set was then used in a new iteration of the classification. The process 
was repeated until the last of the unclassified pixels were in the form of “salt and pepper” 
pixels in the image. The final classification pass was then conducted using the maximum 
likelihood algorithm and all pixels in the image were assigned to known classes by 
changing the unclassified rule in ERDAS Imagine to “parametric rule.” 
 The resulting final signature file contained several dozen signatures, many 
representing the same type of vegetation. In this way, nuances in the signatures caused by 
bi-directional reflectance effects or density of the vegetation were accounted for.  Finally, 
the classes representing the same vegetation type were recoded into one class. The 
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recoding process reduced the dozens of classes in the classified image into specific basic 
classes.  After the recoding process was completed, a 3 x 3 majority filter was applied to 
the recoded classified image to eliminate isolated pixels. Manual recoding was performed 
to remove any remaining confusion and obvious misclassifications in the classified 
images. The classified image strips were cut to fit each corresponding 1:24,000 
quadrangle sheet.   The classification was conducted on imagery acquired from 
Albuquerque down to Elephant Butte, covering a distance of approximately 208 km 
along the river. 
CLASSIFICATION ACCURACY ASSESSMENT 
 The assessment of classification accuracy consisted of determining the efficiency 
of extracting relevant information derived from remotely sensed imagery.  It was 
conducted on the classified images using ground truth field data that was set aside for this 
purpose. The accuracy assessment was conducted on the major vegetation classes, 
Cottonwood, Tamarisk, Russian Olives, and Coyote Willow.  Not enough ground truth 
data were available for other vegetation types within the system to include them in the 
accuracy assessment analysis.  In terms of surface area and water use from the river 
system, they represent a very small fraction of the overall vegetated area.  Likewise, there 
were no ground truth data for the in-stream features as the ground truth campaign was 
conducted several weeks after the airborne image acquisition flight, under different river 
flows and conditions.   In addition, the in-stream analysis was not a thrust of the project 
at that time. 
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 Each ground truth data point was compared to the classified vegetation type on 
the image, and the matching and mismatching events were recorded. In the case of 
mismatching events, the mismatched class was noted under the corresponding class in the 
contingency table in the classification column (Table 2.1).  Five parameters were 
calculated: user's accuracy, producer's accuracy, and overall accuracy that helped in 
estimating the omission and commission errors.  User's accuracy is a measure of 
reliability of classification or the probability that a sample on a map actually represents 
that category on the ground.  It is calculated by dividing the number of samples correctly 
classified by the number of samples in that class. The producer’s accuracy is a measure of 
how well a certain class is classified and is calculated as the number of samples of the 
ground truth class that were correctly classified divided by total number of samples of the 
ground truth. Commission and omission errors are the result of 100% accuracy minus the 
user and producer accuracy, respectively. 
RESULTS AND DISCUSSION 
Accuracy Assessment 
 Table 2.1 shows the classification contingency table for the four major vegetation 
classes in the river system.  The ground truth data set aside for assessing classification 
accuracy were used for this purpose.  Coyote Willow had the highest classification 
producer accuracy with 92% while Cottonwood had highest in user accuracy with 89%.  
The classification methodology identified Tamarisk and Russian Olives at 86% and 82% 
user accuracy and with a producer accuracy of 86% and 82%, respectively.  One of the 
reasons for the higher accuracy for Coyote Willow and Cottonwood in the final product is 
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that they are easier to distinguish from other tree classes. The large shadows of 
Cottonwoods while smaller and almost no shadows of Coyote Willow helped identify and 
delineate these classes accurately in the recoding procedures. The overall accuracy for the 
classified image map product was assessed at 88%. The classification method used in the 
present study gave similar results to other classification studies using high spatial 
resolution airborne multi-spectral imaging (May and Neale, 1999; May et al., 2001; 
Neale et al., 2007). 
The Kappa statistics were also calculated as an alternative method of estimating 
classification accuracy in order to correct for any agreement that might occur by chance. 
Table 2.1 Contingency table showing classification errors of omission and commission 
for the four major vegetation classes along the Middle Rio Grande River 
Vegetation Classification Accuracy Assessment  
 Ground Truth    
Classification Cottonwood Tamarisk Coyote 
Willow 
Russian 
Olive 
Total # 
of 
samples 
User 
Accuracy 
(%) 
Error of 
Commission 
(%) 
Cottonwood 42 1 1 3 47 89 11 
Tamarisk 2 24 1 1 28 86 14 
Coyote 
Willow 
1 2 23  26 88 12 
Russian 
Olive 
2 1  18 21 86 14 
Total # of 
samples 
47 28 25 22 122   
Producer 
Accuracy 
(%) 
89 86 92 82 Overall 
accuracy 
88  
Error of 
Omission 
(%) 
11 14 8 18    
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 The resulting Kappa index for this classification data set was 83%, which is 
lower than the overall accuracy estimated through the contingency table.  Kappa usually 
under estimates the overall accuracy, but it is recommended for vegetation mapping 
projects and is commonly used by the vegetation mapping community (Congalton and 
Green, 1999). 
 The good classification results obtained in this research are attributed to the high 
resolution imagery used. Such results and details in the vegetation map would not be 
possible if low spatial resolution imagery had been used. 
 The vegetation map produced in this study has many foreseen uses.  It is a 
required input for calculating the evapotranspiration and water balance along the river 
whether the vegetation (“crop”) coefficient method or energy balance method is used 
(Brower, 2004; NASA, 2007).  Furthermore, it documents the vegetation pattern and 
vegetation status at a certain time and location. 
VEGETATION DISTRIBUTION ANALYSIS 
 Different vegetation class areas were extracted from the final classified and 
recoded images for every corresponding quadrangle base map.  The area values were 
extracted from the riparian zone, digitized as AOI polygons in the three-band image 
mosaics. The riparian zone and floodplain essentially corresponded to the region between 
the two drains that ran parallel to the river in most sections of the middle Rio Grande.  
Figure 2.2 shows a three-band rectified mosaic strip and corresponding classified image 
for a section of the river in the Abeytas area. The AOI (yellow line) class area values 
were extracted and presented in the attribute table which shows the class area and 
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corresponding color.  Figure 2.2 also shows the full resolution detail of both the three-
band multi-spectral and classified imagery for the area highlighted in the small 
rectangular box. 
 In Table 2.2, the main riparian vegetation class areas per linear kilometer of river 
and per USGS quadrangle sheet extracted from the classified imagery are shown listed 
from north to south along the x-axis.  The most important observation is that the 
Cottonwood tree area within the riparian zone decreased from north to south while the 
area of Tamarisk trees increased. Introduced species such as Tamarisk have been 
observed to successfully compete with the native species such as Cottonwood and 
Willow. The presence of Tamarisk results in the deterioration of soil chemical and 
physical properties, and prevents new Cottonwood seedlings and other native species 
from emerging.  Irrigation water diversions and the resulting decrease of in-stream flows 
as the river flows from north to south may be affecting the balance and capacity of the 
native species to resist the spread of Tamarisk (Busch and Smith, 1995). In addition, 
Tamarisk can cause a drop in the water-table and an increase in salinity, deteriorating 
water quality in benefit of Tamarisk which is salinity resistant (Brock, 1994; Busch and 
Smith, 1995; Loope et al., 1988). 
IN-STREAM ANALYSIS 
 Figure 2.3 shows a northern section of the Rio Grande close to Albuquerque 
where Cottonwood is the dominant riparian vegetation species and a large surface water 
area within the river is present.  Meso-scale hydraulic features such as riffles, runs and 
pools were classified but merged into a water surface class for the area analysis.  The 
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water surface area parameter is estimated as an indicator of water flow volume in the 
river, a reasonable assumption due to the mild slopes of the river bottom, and also as a 
means of showing how changes occur along the Middle Rio Grande as the river flows 
downstream. Both meso-scale hydraulic features and vegetation classification are 
important for river fisheries habitat and geomorphology studies.  Accuracy analysis was 
not conducted on the in-stream hydraulic features, as riparian vegetation was the main 
thrust of the study and not enough data corresponding to these features were available.   
 
Figure 2.2 Three-band mosaic (left) and corresponding classified image (right) with final 
classification scheme of a section of the Middle Rio Grande in the Abeytas area, along 
with full image resolution detail 
  
23 
Table 2.2 Main riparian vegetation surface class areas along the middle Rio Grande in 
hectares per linear km of river resulting from the image classification, per 1:24,000 
USGS quadrangle listed from upstream (Albuquerque) to downstream (Paraje) 
 Cottonwood Tamarisk Coyote Willow Russian Olives 
Albuquerque 20.53 1.24 1.63 0.70 
Isleta 25.56 5.44 6.13 1.69 
Las Lunas 23.93 3.09 4.97 1.42 
Tome 19.16 2.74 4.55 0.53 
Turn_Veguita 18.88 6.21 2.92 1.10 
Abeytas 20.08 13.42 1.38 0.33 
La Joya 15.29 11.05 1.02 2.29 
San Acacia 10.87 14.03 0.85 0.42 
Loma De Canas 11.71 17.57 0.49 0.61 
San Antonio N. 13.57 39.68 1.95 1.86 
San Antonio S. 10.01 30.51 2.64 0.61 
San Marcial 16.89 31.98 0.00 0.12 
Paraje 15.14 15.17 0.72 0.17 
 
However, earlier research has shown the possibility of extracting these features 
with relative confidence (Anderson et al., 1994; May et al., 2001; Panja et al., 1994)   
Some of these in-stream features can be seen in the full resolution three-band inset on the 
lower left side of Fig 2.2. 
The image classification showed changes in vegetation distribution and water 
surface area as the river flows from north (Albuquerque) to the south (San Antonio). 
More Cottonwood and fewer Tamarisks appear in northern sections of the river while 
more Tamarisks and less water surface area are present in the downstream sections, south 
of San Antonio. Analyzing the imagery from upstream to downstream, it was clear that 
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water diversions had a big effect on water surface area in the river implying that water 
flow volumes were affected as well. Figure 2.4 shows the effect of a water diversion for 
irrigation purposes on the in-stream water surface area at the Isleta diversion dam, located 
within the Isleta quadrangle sheet.  The river corridor downstream from the diversion 
dams has a much higher area classified as dry and wet sand and greatly reduced water 
surface area, compared to the upstream section. 
 
Figure 2.3 A section of the river in the Albuquerque area where Cottonwood is the 
predominant vegetation class (dark green color) along with the attribute table 
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Figure 2.4 Water diversion at Isleta showing an increased amount of exposed sand 
downstream from the diversion dam and decreased water surface area 
 The consequence of diversions for irrigation and municipal use can be seen in 
Table 2.3, where a general decrease in total water surface area along the river from north 
to south can be observed.  The number of the diversion dams where water is extracted 
from the river and drains that contribute water to the river are also indicated, per USGS 
quad sheet.  Changes in the water surface area as well as the areas of wet and dry sand are 
a function of the inflows and outflows to the river in upstream reaches, including the 
removal of water through evapotranspiration by the riparian vegetation. 
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Table 2.3 In-stream class area distribution for Middle Rio Grande River, in hectares per 
linear Kilometer of river, obtained from the classified airborne images.  The asterisk (*) 
superscript indicates the presence of a diversion dam within that quad sheet and the 
number in parenthesis () indicates the number of drain inflows to the river within that 
quad sheet 
 Run Pool Back 
water 
Riffle Wet 
Soil 
Sand Submerged 
Sand 
Surface Water 
Area 
Albuquerque
(3)
 10.68 0.08 0.02 0.00 0.25 0.73 0.73 11.51 
Isleta*
(2)
 8.11 0.07 0.00 0.00 1.52 1.39 1.39 9.57 
Las Lunas 3.92 0.09 0.34 0.00 4.90 2.01 2.01 6.37 
Tome
(4)
 2.93 0.04 0.43 0.00 2.69 1.43 1.43 4.83 
Turn Veguita
(1)
 4.50 0.07 0.87 0.00 1.38 0.77 0.77 6.21 
Abeytas 5.33 0.11 0.00 0.04 2.21 3.61 1.66 7.13 
La Joya
(1)
 5.44 0.00 0.00 0.00 1.27 0.12 0.12 5.56 
San Acacia*
(1)
 4.65 0.12 0.00 0.04 3.70 1.30 1.30 6.12 
Loma De Canas
(1)
 3.96 0.19 0.00 0.27 1.37 2.18 2.18 6.60 
San Antonio N. 5.18 0.46 0.18 0.00 0.71 1.67 1.67 7.51 
San Antonio S.
(1)
 3.37 0.18 0.19 0.65 1.24 1.82 1.82 6.22 
San Marcial
(1)
 2.35 0.99 0.02 0.00 1.28 0.18 0.18 3.54 
Paraje 1.57 0.09 0.01 0.03 1.51 1.40 1.40 3.11 
  
Records of mean daily river flows during the image acquisition period (24-26 July 
2001) corroborate these classification results (Figure 2.5).  The measurements were 
conducted at four gauging stations going from north (below Cochiti) to south (San 
Marcial) and show a significant decrease in-stream flow. The peaks might be attributed to 
the effects of precipitation events in the watershed. The disappearance/smoothing of the 
peaks at the southern gauge stations may be a combination of extensive diversions in 
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upstream sections and/or absorption of water in previously de-watered sections 
downstream from the diversions. 
 Rapid variations in river flows affect in-stream fishery habitats and riparian 
vegetation. These observations can aid policy makers in setting diversions and preserve 
in-stream flows to support the native riparian vegetation and river 
habitats.
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Figure 2.5 Mean daily stream flow at four different locations along the Middle Rio 
Grande during the month of July 2001 (United States Geological Survey, 
http://www.usgs.gov) 
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CONCLUSIONS AND RECOMMENDATIONS 
 Vegetation mapping using high resolution RS gives a broad and comprehensive 
indication of riparian zone health and condition along the river.  In the case of the Middle 
Rio Grande, results show changes in vegetation distribution in which invasive vegetation 
is replacing native species. Vegetation distribution analysis of the classified imagery 
showed a decline in Cottonwood and an increase in Tamarisk in the downstream 
direction along with a general decrease in water surface areas and increase in exposed 
sand within the river corridor.  
 The accuracy assessment showed promising results in the use of high-resolution 
airborne images for mapping complicated forest structure like the riparian vegetation. 
Overall accuracy reached was 88% with the ability for more improvement. The high- 
quality vegetation map produced from this research will help in future planning by aiding 
decision makers in identifying problems that affect the river system and allowing for the 
study of vegetation interactions with the groundwater system and river as well as the 
surrounding areas.   It will also provide a basis for the detection of changes resulting from 
any management plan applied to the river corridor with the aim of protecting and 
restoring the river ecosystem.  
 Future monitoring of riparian and wetland ecosystems using high-resolution 
airborne RS will aid in the detection of escalating problems due to water quantity and 
quality in the riverine habitats. High-resolution RS can aid in detecting changes in 
vegetation due to natural causes or control practices on introduced or invasive species 
such as Tamarisk.  The effectiveness of new Tamarisk control methods such as using a 
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beetle imported from Asia could also be assessed with a future over flight of the river and 
similar analysis of the imagery. 
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CHAPTER 3   
MODELING GROUNDWATER AND EVAPOTRANSPIRATION IN THE MIDDLE 
RIO GRANDE RIVER RIPARIAN CORRIDOR 
ABSTRACT 
 The Middle Rio Grande River, New Mexico is the focus of this research due to 
the complex interactions between in-stream flows, riparian vegetation and multiple 
diversions for competing interests.  The connection between the river flow and the water 
table with the riparian vegetation evapotranspiration (ET) was studied.  The Dupuit 
equation was implemented to model the water table surface using water table readings 
from observations wells in the riparian zone.  The model output is used to estimate the 
depth to the water table and the soil water potential above the saturated zone, used later in 
the ET estimation. Two evapotranspiration methods were applied on the two major types 
of riparian vegetation; Tamarisk (Tamarix ramosissima) and the native vegetation 
Cottonwood (Populus deltoids). The Tamarisk evapotranspiration was estimated using 
two methods; (1) the modified Penman-Monteith (PM) in conjunction with Ball-Berry 
stomatal conductance model and (2) the canopy temperature minus air temperature 
method.  The Cottonwood ET was estimated using the canopy temperature method only. 
 The outputs from both methods were compared with the measured ET using the 
eddy covariance method adjusted for energy balance closure. The modeled spatially-
distributed ET estimates using the modified PM method were in good agreement with the 
measured Tamarisk ET, while the canopy temperature method showed good agreement 
only in a sparse Tamarisk canopy and for Cottonwood. 
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INTRODUCTION 
 The Middle Rio Grande River (MRGR) is the main source of fresh water for the 
state of New Mexico.  As it flows through an arid area with scarce local water resources, 
it has been extensively diverted to supply the high demand from municipalities and 
irrigated agriculture.  Over the last few decades, these diversions have affected the 
composition of the native riparian vegetation by decreasing the area of Cottonwood and 
Coyote Willow and increasing the spread of invasive species such as Tamarisk and 
Russian Olives, harmful to the river system, due to their high transpiration rates and 
extensive presence. There is need to study the river hydrological processes and their 
relationship with ecosystem health. The water table within the riparian zone is 
intrinsically connected to the flows in the river. Large withdrawals of water by Tamarisk 
affect the surface flows, which coupled with the large diversions for irrigation result in a 
complicated river management problem. 
 Previous evapotranspiration (ET) studies have focused mostly on crops for either 
human or animal stock consumption. Riparian vegetation has received less attention due 
to its perceived lower economic value and the difficulties in making ET measurements 
because it is often present in narrow strips and is heterogeneous.  In order to preserve the 
riparian vegetation resource it is very important to estimate its evapotranspiration and 
understand its interaction with water tables and river flows. This will allow for better 
management of the storage dams and releases and the distribution of water among 
different uses.  
 Previous studies have shown that evapotranspiration in the MRGR is affected by 
the advection process where dry hot air from surrounding arid areas replaces the air 
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above the riparian canopy. Dry, hot air increases the saturated vapor deficit above the 
riparian canopy and leads to increased evapotranspiration.  It is essential to take into 
consideration all energy components affecting evapotranspiration in order to get the most 
accurate estimate.  
 In this chapter, the methodology used to spatially model the evapotranspiration 
and the water table depth and water fluxes within the riparian zone of the Middle Rio 
Grande River is described and tested. A modified Penman-Monteith approach with a 
coupling factor suggested by Hattori (2004) is used to estimate the evapotranspiration of 
the riparian vegetation.  Water table readings are used as input and to check the 
groundwater model. Evapotranspiration by the riparian vegetation is included in the soil 
moisture and groundwater flux balance. The model developed in Visual Basic runs as an 
application in the ArcGIS environment utilizing different spatial layers including digital 
elevation model, soils and riparian vegetation maps, the latter obtained from the 
classification of airborne high resolution multi-spectral imagery presented in the previous 
chapter.   The model was applied to different sections of the MRGR where water table 
and ET measurements were available.  
BACKGROUND 
Riparian Vegetation 
 Riparian vegetation is defined by the National Research Council (1992) as “the 
corridor of hydrophytes vegetation growing on the banks of streams and rivers, and 
having an annual evapotranspiration level that influences surface and groundwater 
hydrology.” Biologically, riparian vegetation species are integral parts of river and stream 
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ecosystems, and are intimately related with the sustenance of biodiversity found in such 
ecosystems. Studies have shown that riparian vegetation reduces solar heating of river 
water through shading which has a large effect on fish and birds populations (Brown and 
Krygier, 1970). Riparian ecosystems occupy less than 1% of north and western parts of 
the north-American continental landscape, yet they provide habitat for far more species 
of birds than all other vegetation types combined (Knopf et al., 1988).   One important 
function of riparian vegetation is to slow down stream flows and promote sedimentation 
and deposition of suspended particles contributing to the control of soil erosion along 
rivers and stabilization of stream banks (Chescheir et al., 1991; Tabacchi et al., 1998).  
Riparian vegetation forms an important boundary/interface between open surface 
water and groundwater. Interestingly, until the twentieth century, there was no 
differentiation between riparian and wetlands vegetation systems.  
 It is very fundamental and important to understand riparian zone vegetation 
dynamics from a hydrology point of view (Brinson, 1990). There is little information 
available on the consequences of subsurface flow (groundwater) on riparian vegetation 
and its dynamics (Tabacchi et al., 1998). Vegetation is an essential part of corridors along 
rivers, and calls for detailed research on the linkages between plant species distributions, 
river flow, erosion, water table levels and soil moisture dynamics (Gurnell, 1995; Hughes 
et al., 1997; Large, 1997).  
 Preliminary studies have indicated that the spread of Tamarisk in Middle Rio 
Grande River has driven the water table to low levels because of its high water use, and 
its ability to sustain high ET rates due to a deep rooting system (Brotherson et al., 1984; 
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Cleverly et al., 1997). The direct effect of Tamarisk on the riparian water table can be 
seen between day and night time water table measurements (Cleverly et al., 1997). 
 Previous studies and research activities have considered riparian vegetation as a 
source of energy and matter for the aquatic ecosystem (Peterjohn and Correll, 1984). 
Investigations revealed the role of riparian vegetation in removing and retaining 
particulates on the land surface, in addition to the role of riparian vegetation as regulators 
of diffuse subsurface pollution (Peterjohn and Correll, 1984). It has also been suggested 
that the relationship between rivers and riparian vegetation should be given more 
attention, especially following the alterations caused by human activities (Poff et al., 
1997).  
 In terrestrial energy balance terms, riparian vegetation helps reduce solar heating 
of river water by shading (Brown and Krygier, 1970), resulting in cooling of river waters 
(Sinokrot and Stefan, 1993), and a reduction in stream water loss through evaporation. 
Consequently more water is available for immediate use as well as contributing to 
sustaining groundwater. In addition, riparian vegetation through the evapotranspiration 
process has also a cooling effect on river water (Sinokrot and Stefan, 1993).  However, 
phreatophytes such as Tamarisk can extract large amounts of groundwater from the 
system decreasing the flows within the river channel.  In the MRGR, riparian vegetation 
ET is usually energy limited in the morning and governed by saturated deficit and 
stomatal resistance in the afternoon when advection occurs. Hattori (2004) observed that 
these factors had to be taken into consideration in order to obtain good estimates of ET.  
The link between riparian vegetation, wetland vegetation, evapotranspiration, 
river flows, and groundwater is very complex and not well understood. The knowledge 
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regarding these relationships is essential to protect the biodiversity, and to better manage, 
and conserve scarce water resources. Therefore, to maintain a sustainable river 
ecosystem, all its components – catchments, river hydrology and hydraulics, wetland and 
riparian regimes, groundwater must be considered in an integrated manner (Ward, 1989). 
 Conventional methods of estimating depletion of water from riparian hydrologic 
systems through ET processes are severely affected by complexity of vegetation regimes 
(understorey vs. overstorey), diversity (species differences) and associated inaccessibility 
within the differences in measurement scales (leaf level vs. stand level) over variable 
soil-vegetation. Eddy covariance and Bowen Ratio flux towers have been suggested as 
the most accurate methods of measuring ET at scales ranging between 0.1 to 1 km (Rana 
and Katerji, 2000).  The best previous measurements of riparian vegetation ET were 
obtained using Bowen ratio energy balance measurements over Tamarisk stands in lower 
Colorado River and in New Mexico (DeLoach et al., 2000). Nichols et al. (2004) listed 
different methods to estimate potential evaporation from riparian vegetation combined 
with a factor that accounts for moderating effect on flux by the canopy.  
 Wylie et al. (2003) observed that extrapolating aerodynamic data from flux tower 
foot prints to larger landscape units could lead to bias in regional ET estimates. They 
recommended the use of remote sensing and other ancillary data to develop algorithms 
for extrapolating site-specific tower data to similar land cover types at regional scales. 
Use of Airborne Remote Sensing to Estimate  
Riparian Vegetation ET 
 Nagler et al. (2005) gave an ecophysiological justification for a remote sensing 
based ET model for riparian vegetation in western US riparian corridors. Normalized 
Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI) (Huete et al., 
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2002) were computed from time composites of MODIS imagery over the Middle Rio 
Grande River in New Mexico. EVI was reported to be more closely related with ET than 
NDVI and this was attributed to the saturation of the latter with high leaf area index 
(LAI) values of the riparian vegetation. The authors observed that a multivariate 
regression for predicting ET from EVI and air temperature (Ta) had an r
2
=0.82 across 
sites, species and years. It was reported that estimated riparian ET was considerably 
lower than ET estimated by indirect, water balance methods.  
 SEBAL (Bastiaanssen et al., 2005) and METRIC (Allen et al., 2007) belong to 
integrated class of modeling-observation merged procedures for estimating landscape ET 
from satellite sensors. These methods index sensible heat flux from land surfaces to 
satellite–measured surface temperatures at specific boundary conditions to generate 
spatial ET maps for daily, monthly and/or seasonal time periods.   These models are 
better suited to agricultural areas where large fields of relative uniform vegetation exist.  
The spatial resolution of the thermal infrared pixels complicates the application of these 
models to narrow and heterogeneous riparian zones.   
 Batelaan et al. (2004) used hyperspectral imagery from CASI-ATM sensor and 
ground measurements like air, surface, and soil temperatures, and vegetation height to 
estimate vegetation ET in the Doode Bemde wetland, Belgium.  Coonrood et al. (2006) 
highlighted procedures to translate and compare ET estimates from different 
computational methods in to ArcGRID format to enable the use of ArcGIS for 
calculations of difference grids thus enabling further refinement of ET estimation 
methods. 
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 Samani et al. (2007) presented a regional ET estimation model (REEM) that uses 
energy balance at the top of the canopy to estimate corresponding plant ET. ASTER 
images are used to estimate surface temperatures, albedo, and NDVI to determine net 
radiation, ground heat flux, and sensible heat flux. REEM generates estimates of ET in 
riparian areas which can be used to evaluate the impact of removing and managing 
undesirable riparian vegetation that is affecting middle Rio Grande river basin hydrology.  
 All the above studies used satellite multi-spectral  remote sensing with medium 
(30 to 120 m) to low spatial resolution (250 m to 1 km pixels). The medium resolution 
proved to be inadequate in delineating the fine distinctions existing within the riparian 
and wetland zones (Harvey and Hill, 2001; Kalliola and Syrjanen, 1991). Chapter 2 
showed that the inability of medium resolution satellite remote sensing imagery to 
properly map different riparian vegetation species types in detail: whether or not they 
were invasive or native may be the reason for many studies not being able to accurately 
estimate riparian vegetation ET separately by species. In this regard, the use of high 
resolution airborne multi-spectral  imagery has a major role. Airborne remote sensing 
techniques, by virtue of their very high spatial resolution and flexible revisit capability, 
are considered as the most reliable tool to extrapolate ground based flux station reference 
data to large riparian zones (Carleer and Wolff, 2004; Chapter 2). 
 This research will take advantage of high resolution airborne multi-spectral  
imagery and the resulting detailed riparian vegetation map obtained from its classification 
to estimate the spatially distributed water consumptive use of riparian vegetation taking 
into consideration the advection processes that occurs at MRGR (Hattori, 2004). 
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Modified Penman Monteith Method and  
Stomatal Conductance Model 
 The modified Penman Monteith has been validated (Hattori, 2004) for the Bosque 
del Apache in the MRGR. The main issue for applying this model is estimating the 
stomatal conductance for the different riparian vegetation species. The spatial application 
of the model and the utilization of spatially distributed depth to the water table as an input 
will allow for modeling the spatial variability in the stomatal conductance among 
Tamarisk which will result in ET variability. 
 Stomata connect the internal region of leaves to the air. Stomata allow CO2 to 
enter the leaves and oxygen and water vapor to exit as transpiration. Therefore, 
understanding stomatal behavior is central to understanding and describing the response 
of riparian vegetation to changes in environmental conditions. 
 A major problem in dealing with stomata is that stomatal conductance (gs) tends 
to vary widely through any plant canopy, at any time. There has been a large amount of 
research aimed at identifying the mechanisms of stomatal response, some of which was 
summarized by Jarvis (1976), who produced a phenomenological model that has been 
widely used. A semi-empirical model for stomatal conductance developed by Leuning 
(1995) now provides, in a single equation, a general description of stomatal response. 
This includes humidity deficit at the leaf surface, which requires energy balance 
calculations.  
 Jarvis (1976) studied the stomata in relation to five variables and built a model 
that relates leaf water potential to the flow of water through the plant. Those variables 
were photon flux density (incoming radiation), leaf temperature, leaf water potential, 
saturated vapor deficit, and CO2 concentration. Hattori (2004) applied the Ball-Berry 
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model with great success to model Tamarisk canopy conductance. This model will be 
discussed in more details in the methodology section. 
Groundwater Modeling  
 Not much effort has been pursued in the past to understand the hydrologic cycle 
and the hydrological connectivity between river and the riparian system due to their low 
economic value (Hewitt, 1990; Tabacchi et al., 1998). The increasing world population is 
exerting pressure on water resources through the increasing demand on fresh water to the 
extent that is exceeding the ability of water resources to meet demand (Perkins and 
Sophocleous, 1999).  Competition over how and where to use water resources is 
becoming the main issue that needs to be resolved among different countries and within 
the countries them selves.  
 In the United States water sharing and distribution among different states are 
always ongoing issues that needs to be resolved (Homer-Dixon, 1999; Postel and Wolf, 
2001).  In the Middle Rio Grande river where most of the surrounding areas are arid to 
semi arid, water resources management is the most important issue (Chapter 2). The 
decision makers in MRGR are always faced with critical management question, which is, 
how much water should be released from the dams to sustain sound river ecosystem, 
maintain fishery habitat and support human activities? To answer this question it is 
important to know the riparian vegetation water use (Goodrich et al., 1998) and study its 
interaction with the river flows.   
 Any changes to the nature of the interaction between the river and the riparian 
vegetation can cause changes to both river banks and the riparian vegetation structure 
along the river corridors in time and space (Hynes, 1975). In the Middle Rio River, 
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riparian vegetations was invaded by species harmful to the river system because the 
relationship between the river flow and riparian zone was altered and manipulated by 
further human interference (Chapter 2). Therefore it is very important to understand the 
connection between the river and the riparian vegetation at the same time has the ability 
to monitor both the riparian vegetation and groundwater. A relationship between the river 
flow and its direct effect on both the groundwater and riparian vegetation will very a very 
useful tool in the process of decision making (Goodrich et al., 1998). 
METHODOLOGY 
Study Area 
 The study area consisted of four different sections of the Middle Rio Grande 
River (MRGR) that represents the river from Cochiti Dam down to Elephant Butte Dam, 
New Mexico (NM).  Forty percent of New Mexico’s population lives along this 286 km 
long stretch of river.  
 The river flow is controlled by Cochiti Dam, from which water is released for 
municipal use, irrigation diversions, and to keep a sound river ecosystem (ideally) by 
maintaining river base flows. The river floodplain is bordered by two drains on each side. 
These drains serve the adjacent agricultural areas by collecting irrigation runoff water. 
Beyond the drains there is either irrigated agriculture or arid areas with natural vegetation 
which occupy most of New Mexico. 
 The main vegetation species along the riparian corridor are Cottonwood (Populus  
deltoids), Tamarisk (Tamarix ramosissima), Russian Olives (Elaeagnus angustifolia), 
and Coyote Willow (Salix exigua). 
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 Forty-six borehole wells were distributed among the eddy covariance 
evapotranspiration flux tower sites and logged to measuring water table depth every half 
an hour.   Figure 3.1 shows the reach of the MRGR that was studied and the location of 
the river flow gages and flux towers. 
 
 
Figure 3.1 Analyzed river section of the MRGR, showing the location of river flow gages 
and flux towers 
  
47 
Water Table Modeling 
 Riparian vegetation depends on different sources of water. These sources are 
direct precipitation, river flooding, and subsurface water, subject to the depth to the water 
table.  Weather data will be obtained from the towers distributed along four different 
section of the river. The water table modeling will be based on field data collected by the 
USGS, Middle Rio Grande Conservancy district (MRGCD), and Middle Rio Grande 
Bureau of Reclamation (MRGBOR). These data include soil maps, topography, river 
water levels, river flows, water diversions, return flows, water table measurements, and 
soil moisture. 
 Modeling water table along the riverbanks will be based on two cases.  In the first 
case, the assumption is that the stream banks are not receiving any significant recharge 
from rain.  The second case is for cases where rainfall occurs that has a significant 
recharging effect on the river and water table of both banks. 
 Water table modeling along the river in the riparian zone is based on the Dupuit-
Forchheimer equation. Figures 3.2 and 3.3 show the equations and the parameters used in 
the equations with recharge, withdrawal, and no recharge cases.  The Dupuit-
Forchheimer equation is derived from Darcy’s law as follows: 
Darcy’s law explains one-dimensional flow per unit width as: 
)/( dxdhKhq −=                                                                                                         (3.1) 
 
where 
q : Water Flux (m/hr) 
Kh: Horizontal Hydraulic Conductivity (m/hr) 
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dh: Head difference (m) 
dx: Distance (m) 
At steady state, the rate of change of q with distance is zero, or 
0=
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 ×−
dx
dh
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d
 OR         
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hdKh                       (3.2) 
 
This implies that, 
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2
22
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hd
∫       ⇒          baxh +=2                                                                                    (3.4) 
 
where a and b are constants. Setting the boundary condition h = ho at x = 0, we can solve 
for b   
2hob =                                                                                                                          (3.5) 
 
Differentiation of h2 = ax + b allows us to solve for a, 
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dx
dh
ha 2=                                                                                                                    (3.6) 
 
And from Darcy’s law, 
K
q
dx
dh
h −=                                   By substitution                                                      (3.7) 
K
qx
hoh
222 −=    ⇒    
K
ql
hlh
22 −=                                                                  (3.8) 
 
Rearranging the equation above results in:    
( )22
2
hlho
l
K
q −=         Dupuit-Forchheimer  Equation                                           (3.9) 
 
The general equation for the shape of the parabola is  
( )2222 hlho
l
x
hoh −−=  Dupuit-Forchheimer Parabola                                        (3.10) 
where 
h:  water table level (m) 
ho: Drain water level (m) 
hl: River water level (m)  
K: hydraulic Conductivity (m/hr) 
l: distance between river and drain (m) 
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 In order to use the Dupuit-Forchheimer equation, certain conditions should be met 
and assumptions must be made.  The Dupuit-Forchheimer flow equation works with 
unconfined aquifers under steady state conditions. The assumptions made are:  
 1) The water table or free water surface is only slightly inclined 
 2) Streamlines may be considered horizontal and equipotential lines, vertical  
 3) Slopes of the free water surface and hydraulic gradient are equal 
 The steady state condition was assumed to prevail, because the hourly ET rate of 
Tamarisk or Cottonwood will not reach a level that could affect the steady state 
assumptions. In addition, the water flux is recharging the water table while the vegetation 
is using water for transpiration, maintaining similar water table levels or resulting in slow 
decreases.  
 The parameters necessary for the above equation will be either measured or 
calculated. Saturated hydraulic conductivity of the riparian zone will be obtained from 
the soil map available at 10 meter spatial resolution from the USGS.   
 The river will be divided into reaches according to data availability. The model 
calculations using the required inputs result in water table elevation along cross-sections 
between the river and the drains. These cross-sections are used to create a contour map of 
water table elevation for the river reach modeled. The accuracy of this contour map 
depends on how many water table depth readings from wells are used to produce it and 
the scale of spatial variables. The surface elevation used in the estimation of the depth to 
the water table is obtained from the DEM layer considering a standard reference level 
(mean sea level). 
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Figure 3.2 Dupuit-Forchheimer scheme and equation with no recharge 
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Figure 3.3 Dupuit-Forchheimer scheme and equation with recharge 
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Drain and River Water Levels 
 Water table readings from wells were used to estimate the water levels in both the 
drain and river using the Dupuit-Forchheimer equations applied to the cross-sections.  A 
minimum of two water table readings at each cross-section location are required. The 
water levels can be achieved by substituting one unknown by another in the Dupuit-
Forchheimer equation, which becomes: 
( )
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hh                                                                                 (3.11) 
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Substitute hl by h0, where h0 is the drain water level and hl is the river water level 
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where 
h1: water table reading 1 (m) 
h2: water table reading 2 (m) 
hl: river water level (m) 
ho: drain water level (m) 
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 Stream flows and the geomorphology of the river are well connected; the stream 
width is an indication of frequent flooding and flow variation. The increased river width 
along with low flows creates a critical situation for fisheries and wild life.  Therefore, the 
river course and water levels and flows in the river are very important factors.   
 The river flow for the different study sections on certain dates will be studied and 
compared with modeled water depths in the river and the water table status in the river 
banks.  
Water Flux and Transmissivity 
 Groundwater recharge in the riparian corridor of the MRGR occurs through 
incoming water from either or both the river and parallel drains. Water flux occurs 
whenever head potential exist in a porous media. Head is the main factor that determines 
the flux quantity and direction. Figure 3.4 shows a top view describing possible flux flow 
directions in a section of the riparian zone. Other factors that determine flux magnitude 
are soil transmissivity (T) and distance.  
 Water flux is very hard to determine spatially because of the thousands of grids 
involved and the relationship among them vis-à-vis the variability in soil physical 
properties.  Detailed soil properties are not usually known in such remote areas.  Some 
properties necessary for flux estimation can be obtained from soil maps but do not satisfy 
the data quality required for the model. The method used in this paper was to estimate 
those properties by using monitored water table readings during night time when riparian 
vegetation ET is minimal. Water flux is represented by: 
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dx
dh
KDq =                                                                                                                       3.15 
where 
q: Water flux (m
2
/hr) 
KD (T): Transmissivity (m
2
/hr) 
K: Horizontal Hydraulic conductivity (m/hr) 
D: Aquifer depth (m) 
 
To derive T (KD) from temporal water table readings  
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where 
x1: Distance between the drain to water table reading borehole (m) 
x2: Distance between the river to water table reading borehole (m) 
 The above equations will be solved for both the aquifer depth and horizontal 
hydraulic conductivity and applied to different areas along the river using the night time 
water table variation to estimate the water flux or recharge during the period when the 
riparian vegetation has minimum ET. The water head at the drain and/or river will be 
estimated at the beginning of the night and during early morning (while ET is near zero) 
to isolate the water flux and estimate the aquifer transmissivity. 
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Figure 3.4 Multi-spectral  image of a section of the Rio Grande river showing possible 
flux directions 
Depth to Water Table 
 The groundwater table model will provide the estimated water table values to a 
standard reference from mean sea level.  For the estimation of riparian vegetation ET, the 
depth to the water table is a more important variable in order to determine how close the 
plants roots are to the saturated zone or water source.   The depth to water table will be 
obtained by subtracting the water elevation layer from the surface elevation using a 
digital elevation model (DEM) for the study areas with a 10 meter grid size resampled 
from 30 meter grids. The depth to water table will be used to estimate the soil water 
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potential and soil water content above the saturated zone and in the riparian vegetation 
root zone. 
Soil Moisture Profile above the Saturated Zone 
 Soil moisture availability in the root zone is an influencing factor in the ET 
process. The soil water content is the main parameter used in the stomatal conductance 
model for estimating plant transpiration. The soil moisture above the saturated zone can 
be estimated if there is no surface recharge or when the recharge (infiltration) has ceased 
and a sufficient amount of time is allowed for water drainage and redistribution. As a 
result, water flow inside the soil profile will reduce to insignificant levels due to rapid 
reduction of hydraulic conductivity. The profile in this case is said to be in hydrostatic 
equilibrium. Figure 3.5 shows the equations and soil moisture profile that can be 
estimated under hydrostatic equilibrium. The soil water potential can be estimated from: 
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Van Genuchten (1980) developed a method to obtain volumetric soil water content from 
soil water potential estimated from equation 3.18 as:   
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where 
α, n & m: Soil fitting parameters, where, )/1(1 nm −=  
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θ: Soil water content 
θr , θs Residual and Saturated soil water content respectively 
Depth to water table is essential for estimating the soil water potential above the 
saturated zone and in the root zone. Soil surface water potential is an input in Van 
Genuchten (1980) soil moisture estimation above the saturated zone. 
Evapotranspiration Estimation 
 Five flux towers were installed along the river at four different locations along the 
MRGR. The flux towers consisted of Campbell Scientific Inc. eddy covariance systems 
 
 
Figure 3.5 Soil moisture distribution above the saturated zone under hydrostatic 
equilibrium where ψ is matric suction, φ is total head and θ is the soil moisture content 
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with a 3D-sonic anemometer, a krypton hygrometer, net radiometer, four soil heat flux 
plates with soil temperature probes, and other meteorological instrumentation such as 
pyranometer, relative humidity probe, thermal infrared radiometers, etc.  Two eddy 
covariance (EC) towers were installed at the Bosque del Apache, 600 meters apart, above 
a dense Tamarisk forest. The EC sensors were installed about 7.7 m above the ground.  
The Tamarisk trees at this location were approximately 4 m in height (Figure 3.6).     
The towers were installed by the University of New Mexico except for the 
Bosque del Apache North tower which was installed by scientists from USDA-ARS, 
New Mexico State University and Utah State University. Negative values of sensible heat 
flux indicates advection situation. Hattori (2004) analyzed vertical profile of specific 
humidity and potential temperature in both Bosque del Apache and Albuquerque using 
radiosonde data collected over the river riparian canopy and the dry land near by the river 
banks.  Hattori (2004) concluded that the air above the canopy is highly related to the 
surface in the morning and as the atmospheric boundary layer (ABL) keeps growing 
during the day the air above the canopy has similarity with the air above the dry land near 
the river banks. This observation led to the conclusion that the weather station near 
Bosque in the dry land is more representative to the air properties above the canopy when 
the ET peaks in the mid day. Therefore Dm was estimated from the humidity and air 
temperature values from the dry land weather station. Data collection and stations 
maintenance was done by researchers from University of New Mexico and Mexico State 
University.  
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Figure 3.6 Eddy covariance flux Tower with a 3D-sonic anemometer, a krypton 
hygrometer, a net radiometer, and other meteorological equipment 
Penman-Monteith Method 
 Monteith (1965) proposed modifications to the Penman equation: 
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nR : Net radiation (W m
-2
) 
G: Soil heat flux (W m
-2
)  
s : slope of saturated vapor pressure vs. temp curve (Pa K
-1
) 
γ : psychrometric constant (Pa K-1) (a function of atmospheric pressure) 
ρ : Density of air (kg.m-3) 
:pc Specific heat of air at constant pressure (W m
-2
.C
-1
) 
ra :aerodynamic resistance (sm
-1
) 
rc : bulk canopy resistance (sm
-1
) 
esat saturated vapor pressure at air temperature (Pa) 
ea atmospheric vapor pressure (Pa) 
 This equation assumes the properties of air near the canopy surface and the 
saturation deficit of air is connected only to the surface below. This is not always the 
situation in the MRGR, because of the arid environment surrounding the riparian zone on 
both sides.   These surrounding areas will influence the surface properties above the 
canopy and can increase the surface saturation deficit through advection of energy 
enhancing the ET rate. To solve this problem, McNaughton and Jarvis (1983) introduced 
a modification to the Penman-Monteith equation by adding an atmospheric boundary 
layer (ABL) coupling factor (Ω). This factor reflects the degree of coupling between the 
canopy surface and the air above it. The value of Ω theoretically ranges between 0-1, but 
in practice ranges from 0.2-0.8. The equation becomes:  
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where Dm is the saturated deficit in the mixed layer of the ABL (Pa). 
 When Ω equals 1 then the ET approaches the so-called equilibrium rate (ETeq) 
and when Ω equals 0 then the canopy surface is totally coupled to the air above it and the 
saturated deficit of air becomes the driving force of ET leading to the so-called imposed 
ET (ETimposed). 
Determining Ω can be done either directly from ra and rc by using ET 
measurements and inverting above equation. Hattori (2004) analyzed radiosonde data 
above the Tamarisk canopy at the Bosque del Apache and compared it to radiosonde data 
above a nearby dry area. He detected the advection effect above the Tamarisk canopy and 
concluded that the Dm value could be estimated from a nearby weather station (Lat. 
33°48'15"N Long. 106°52'36"W) located in a dry area south of Bosque del Apache. The 
data required to estimate Dm (vapor pressure saturated deficit) are the air temperature and 
relative humidity.  
 The other data required for ET estimation will be obtained from two eddy 
covariance flux stations installed on towers above the canopy in Bosque del Apache. Data 
available are wind speed, canopy temperature, net radiation, sensible heat flux and latent 
heat flux which can be determined from the covariance between vertical wind speed and 
temperature. Hattori (2004) estimated the canopy resistance above the Tamarisk canopy 
by inverting Penman-Monteith and built a relationship between stomatal conductance 
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(estimated by Ball-Berry model) and canopy resistance. This relationship is in embedded 
in the software provided.  
Stomatal Conductance Models 
 In the Penman-Monteith empirical equation, the term rc (canopy resistance) is the 
most complicated to estimate as many variables control stomatal behavior. There are 
many models proposed to compute stomatal conductance (gs) using three different 
approaches.  The first approach uses multiplicative algorithms that adjust a reference 
value according to changes in environmental variables.  The second approach links gs to 
transpiration.  The third method scales gs to photosynthesis. One of the more popular 
models used by many researchers was developed by Jarvis (1976), relating the stomatal 
conductance to five variables. Those variables are photon flux density, leaf temperature, 
vapor pressure deficit, leaf water potential (turgid pressure) and ambient CO2 
concentration. 
l).gs(Ca)( e).gs( gs (T). gs(Qp).gs Ca) l, , T, (Qp, gs Ψ=Ψ δδe                                      3.23 
 
where 
gs:  stomatal conductance. 
Qp: Photon flux density (incoming Solar radiation) 
T: Leaf temperature 
δe: vapor pressure difference. 
Ψl: leaf water potential 
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 Hattori (2004) used the Ball-Berry model to estimate stomatal conductance 
specifically for Tamarisk.  This model links stomatal conductance to leaf photosynthesis, 
humidity deficits and CO2 concentration at the leaf’s surface (Cs). 
0)/..( gCrhAmg ss +=   3.24 
 
where 
m: dimensionless slope coefficient 
rh: is relative humidity at the leaf surface 
g0: is zero intercept (mol.m
-2
s
-1
) 
A: leaf photosynthesis (µmol m-2 s-1) 
 The Ball-Berry model was modified by Leuning (1995) arguing that relative 
humidity is not a valid independent variable, as plants should respond to a potential that 
drives water loss, such as a vapor pressure difference. He modified the equation as: 
00sss g)]}/DD(1*)-A/[C{( g ++Γ= α   3.25 
 
where 
α and D0: are empirical coefficients 
Γ: CO2 compensation point (µl l-1) 
Ds: vapor pressure deficit (kPa) 
 The Ball-Berry approach will be used in this modeling effort to estimate stomatal 
conductance for Tamarisk.  The main assumptions enabling the use of the Ball-Berry 
model are (1) that the plants don’t accumulate water inside when they are in steady state 
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condition; therefore the water flux from the soil through the plant and into atmosphere 
should match; and (2) the soil hydraulic conductivity is constant over the root surface, but 
as soil water content gets smaller this assumption gets violated (Caldwell, 1976).  
 Hattori (2004) estimated four plant physiological parameters for Tamarisk needed 
in Ball-Berry stomatal conductance model. Those parameters are the slope constant m, 
the Ball-Berry intercept constant b, the convexity parameter θc and the maximal 
carboxylation rate of the leaf per unit area at reference temperature Vc,max(Tref) in 
estimation of net CO2 assimilation rate.  
 The model written by Hattori (2004) in FORTRAN was transformed to Visual 
Basic 6 (VB6) and customized to work in the ArcGIS environment so it can be applied 
spatially. The soil water content and soil water potential will be obtained by the method 
described previously.  
 Depth to water table is very important for soil water potential estimation in the 
root zone. Soil water potential is one of the variables that affect stomatal conductance. In 
Ball Berry model the soil water potential is used to estimate the water flux from the soil 
through the plant and through the plants into atmosphere (Jw) which in turn determines 
the abscisic acid in the xylem sap.  The detailed list of equations and the Ball-Berry 
stomatal model equations can be found in Hattori (2004). 
Canopy Minus Air Temperature (Tc-Ta) ET 
Estimation Method 
 Nagler et al. (2003) developed relationships between sap flow rate for Tamarisk, 
Coyote Willow and Cottonwood with net radiation, canopy temperature and air 
temperature.  They estimated daily ET and compared it to measured ET.   These 
relationships were developed in Tucson, Arizona in the year 2000.   
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The relationships built are; 
91.7)(77.2819.0)( −−−= TaTcRnET Cottonwood ,                                                  3.26 
96.7)(24.1772.0)( −−−= TaTcRnET Willow ,   and                                              3.27 
34.6)(56.1674.0)( −−−= TaTcRnET Tamarisk                                                       3.28 
 These relationships will be used to estimate daily and hourly ET along the Middle 
Rio Grande River for Tamarisk, Coyote Willow and Cottonwood. The ET results 
obtained by these relations will be compared to latent heat flux ET measurement for the 
four different study areas. Another comparison will be conducted between the Tamarisk 
ET results obtained from this method and the modified Penman-Monteith method (using 
the Ball-Berry stomatal conductance model). The reason for using the models by Nagler 
et al. (2003) is that the physiological parameters needed for the Ball-Berry approach are 
not available in the literature for all the main riparian vegetation species (Cottonwood, 
Coyote Willow and  Tamarisk) in this study.  
 Hattori (2004) optimized those physiological parameters for Tamarisk using 
measured ET values from previous year (1999) in Bosque del Apache by inverting the 
Penman-Monteith equation and solving for canopy resistance and other physiological 
parameters.  These data are not available in other locations where Cottonwood and 
Coyote Willow are dominant.   
 The main justification for using these simplified models is data availability. Those 
models can be altered and modified in the software by editing a configuration file (ini) 
associated with the dll. This configuration file has all the physiological variables 
optimized by Hattori (2004) and can be edited for Tamarisk and created for Cottonwood 
once those variables are available from future research. This configuration file also 
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contains all the canopy temperature method equations which can also be edited according 
to location and vegetation type.  
RESULTS AND DISCUSSION 
ArcGIS Groundwater Table Model  
General Description 
 The groundwater model was developed using Microsoft Visual Studio VB6 in an 
ArcGIS environment. Processing spatial data in ArcGIS requires special programs.  For 
this purpose an extension to ArcGIS using Microsoft Visual Basic and ArcGIS Software 
Developer Kit (SDK) was created through a DLL that can be added as an extension to 
ArcGIS.   
 The model was designed to utilize water table readings (point data) with known 
geographical coordinates along with a spatial land use vegetation map for the area and a 
digital elevation model (DEM) layer. The model gives an output of water table elevation 
above mean sea level between the boundary conditions (riparian zone). The number of 
estimated water table points depends on the interval specified in the model interface. The 
water table output needs to be processed in ArcGIS project to create a raster layer. In 
ArcGIS the 3D Analyst is used to create surface raster layer. The created surface raster 
layer of water table elevations from mean seal level and the DEM will be used to 
calculate depth to water table by subtracting the water table elevation from the DEM 
using spatial analyst raster calculator. The depth to water table (depth of water table from 
land surface) is used to estimate soil water potential in the root zone of the riparian 
vegetation in the evapotranspiration model.  
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 Another output from the groundwater table model is an estimation of water flux. 
Water moves from one grid to another and moves from an irrigation drain or the river 
toward or through the riparian zone. This model will quantify this movement taking into 
consideration the soil physical properties (soil transmissivity; horizontal hydraulic 
conductivity multiplied by aquifer depth) and the water head difference as the driving 
force. The input and output of this model will be discussed in detail in a later section. 
ArcGIS Evapotranspiration Model General 
Description 
 This model estimates evapotranspiration for the riparian vegetation using the 
modified Penman-Monteith equation.  This model is an adoption of a point based model 
developed by Hattori (2004).  The groundwater model output is used as an input to this 
model, specifically the soil water potential and the depth to the water table. The water 
flux is used to consider the recharge that occurs during the day and night while the 
vegetation is drawing from the water table through the evapotranspiration process. The 
water flux is added to the water table as recharge through time (depending on head 
difference) and updates the status of the water table for a better water potential estimation 
while the water used by evapotranspiration is removed from soil matrix above the water 
table and the water table itself. 
 The evapotranspiration model is designed to utilize the spatial variability of both 
land use (mainly different riparian vegetation species) and water potential in the root 
zone. The model offers a framework for estimating ET for any riparian vegetation as long 
as some parameters are known for the stomatal conductance Ball-Berry model which is 
embedded inside, as described in the methodology section.  The modified Penman 
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Monteith equation was used to address advection conditions that prevail in this part of 
New Mexico where the atmospheric coupling factor plays a major role in ET estimation. 
Groundwater Model Interface and Inputs 
 The ArcGIS environment is a result of information technology advances. Spatial 
data associated with spatial coverage set a new limit to what we can analyze and study. 
This groundwater model was developed in ArcGIS environment using water table 
readings across the riparian zone. The goal of this model is to use measured water table 
data at different locations to develop a depth to water table surface layer for the riparian 
zone.   
 Figure 3.7 shows the water table model interface with all the inputs needed as 
well as the anticipated output.  The water table model inputs are: water table reading 
event data base file which represents sets of at least two borehole readings on a certain 
date and time along with their geographical coordinates (Figure 3.8). The water table 
database contains the boundary conditions which in this case of this study are the river 
and the drain center points (Figure 3.9). The interval window allows us to specify the 
distance interval in which the model will estimate water table along the boundary 
conditions.   
 Horizontal hydraulic conductivity, aquifer depth and pixel or grid size are all used 
to estimate water flux. In order to include the downstream flux, the box assigned for the 
flux must be checked. In the case of limited availability of water table data, only a small 
water table layer section can be created, and the first cross-section upstream resulting 
from the model will not have any incoming water flux and the last cross-section 
downstream will not have an outgoing flux. Therefore it is better to assume that the 
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downstream flux is equal to zero (incoming flux is equal to outgoing flux from every 
water table cross-section resulted from the model) and not to include downstream fluxes 
to avoid misleading results. The reason for including this option in the modeling is to 
avoid errors when data is limited or noncontinuous.  
 In case of recharge from flooding or a significant rainfall event, the vertical 
recharge box can be checked to apply the Dupuit-Forchheimer equation with a recharge 
factor (Figure 3.3 in methodology section). In this case, both a horizontal hydraulic 
conductivity and recharge rate are required. In the last four windows the starting and 
ending date and time can be entered for the water table simulation period. 
 The model requires at least two well readings to be able to produce water table 
cross-section along the riparian zone between the river center and the drain. Figure 3.8 
shows part of the input data for two wells for one day, divided into hourly time periods 
over 24 hours.   The geographical coordinates and elevations of the wells are also shown, 
and the depth to water table is in negative value which when added to the land surface 
elevation at that point will result in the water table elevation referenced to the mean seal 
level. Figure 3.9 shows the well locations (yellow triangles) in the riparian zone of the 
Bosque del Apache site.  
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Figure 3.7 Groundwater model interface 
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Figure 3.8 Example of the water table model input data base table 
 
Figure 3.9 Boundary conditions (red circles), water table wells (yellow triangle) locations 
and groundwater model initial output (red squares) in Bosque del Apache area 
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Evapotranspiration Model Interface and Inputs 
The spatial land use layer obtained from the multi-spectral  image classification 
which contains estimates for Tamarisk and other riparian species is interfaced with the 
groundwater model through the depth to water table and flux in order to update water 
table elevation status after considering the evapotranspiration fluxes.  The water table 
level is updated hourly and used as input for the estimation of ET in the next hourly time 
step. Figure 3.10 shows the evapotranspiration model interface with all the inputs needed 
as well as the anticipated output. The model inputs are; a vegetation map, climate data, 
soil physical properties, depth to water table and flux feature layers. The starting and 
ending day of year and time can be entered for the modeling period. Figure 3.11 shows a 
pop-up window that appears after clicking the select window on the land use code line. 
This allows the user to select the classes for which the ET estimation will be applied.  
The model can be run with different settings, in order to produce cumulative daily 
ET or hourly ET values. These options can be selected by checking the appropriate boxes 
in the lower part of the interface (Figure 3.10). To by-pass the spatial depth to water table 
option in the case a DEM layer is not available, the model allows using a depth to water 
table reading that can be added to the climate data base input file. This will produce one 
value for ET for the selected land use classes and apply it spatially whenever that class 
exists in the land use map.  Figure 3.12 shows a sample of the input data base file. Most 
of the variables in this table will be used in the modified Penman-Monteith equation. The 
water table column will be used in case there is no DEM available.  The modified 
Penman Monteith approach can be applied on Cottonwood once the physiological 
parameters are determined and entered in the configuration file (ini). 
  
73 
 
Figure 3.10 Evapotranspiration model interface  
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Figure 3.11 Interface for selecting land use classes for ET estimation (pops up when 
clicking on the select bottom adjacent to “land use code window”) (select the class by 
checking the small box) 
 
Figure 3.12 Example of the ET module input data base table 
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GROUNDWATER MODEL OUTPUT 
Groundwater Surface Creation in ArcGIS 
The groundwater model produces a cross-section of water table and water fluxes 
estimated within the time and space interval specified. The resulting cross-sections can be 
used to produce a water surface raster layer in ArcGIS. A number of tools can be used to 
interpolate the water table points and produce a surface raster layer. In this study, the 
nearest neighbourhood scheme was used. The resulting water surface raster layer contains 
water table elevation from mean sea level.   It is very important to set a reference level to 
standardize the data and help in further analysis. 
 Figure 3.9 from the previous section shows an example of cross-sections for 
which water table elevations were produced by the model along the boundary conditions 
in the Bosque del Apache area, where Tamarisk is the predominant vegetation. 
 Figure 3.13 shows the ArcGIS interpolated water table raster layer for the same 
location. The water table elevation is low if light blue and dark blue if high (referenced to 
mean sea level).  As expected, the water head is decreasing in the downstream direction.  
Subtracting the water head shown in Figure 3.13 along the riparian zone from the DEM 
layer we can obtain the depth to water table layer which is important for soil water 
potential estimation.  
 Figure 3.14 shows the water table flux gain in the image. The head in the upper 
northeast corner is  the highest,  so water flux moves from the river (higher head) towards 
the drain (lower head) through the riparian zone; also  moving in the downstream 
direction according to the head difference which is higher between the upper north part 
and the middle of the image. The flux movement slows down in the southern part of the 
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image due to a lower head difference between the middle of the image and south west 
part.  
  
 
Figure 3.13 Water table raster layer created in ArcGIS for Feb. 22, 2003 at 12 pm 
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Figure 3.14 Water Flux (m/hr) including downstream flux in Bosque Del Apache area, 
Feb. 22, 2003 at 12 pm 
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Water flux is estimated according to aquifer transmissivity and the water head at 
every grid, resulting from the groundwater model. The model has the ability to estimate 
the water flux in the downstream direction in addition to the flux that is coming from 
either the river or the drain or both. This model considers the head at each grid cell and 
determines the flow direction according to the head difference between every grid.  
Figure 3.15 shows the water table cross-section above mean sea level (AMSL) 
along the riparian zone. This Figure shows that at Bosque del Apache, the river is losing 
water to the riparian zone and the drain as the water head at the river is highest.  Figure 
3.16 shows the depth to water table, where negative water depths mean that water level is 
above the land surface. 
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Figure 3.15 Water table cross-sections along the Bosque del Apache riparian zone, 
February 22, 2003 
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Distance from river vs. Depth to water table in Bosque del Apache Feb 
1st 2003
-2.00
-1.00
0.00
1.00
2.00
3.00
4.00
5.00
0 2
0
4
0
6
0
8
0
1
0
0
1
2
0
1
4
0
1
6
0
1
8
0
2
0
0
2
2
0
2
4
0
2
6
0
2
8
0
3
0
0
3
2
0
3
4
0
3
6
0
Distance from the River Center (m)
D
ep
th
 t
o
 W
a
te
r 
T
a
b
le
 (
m
)
 
Figure 3.16 Depth to water table at the Bosque del Apache, Feb 1, 2003 
The DEM was used to find the depth to water table by deducting the water table 
AMSL results from the land surface elevation AMSL. The drops and jumps in Figure 
3.16 are the result of including the land surface terrain in DEM form as the reference to 
water table (depth to water table). The depth to water table varies between above surface 
at -2 (the river) to 4 m below the land surface in some other spots. 
Depth to Water Table Estimation 
 The modeled water table layer is used for the estimation of the soil moisture 
potential in the root zone. The soil moisture potential is one of the main parameters in the 
Ball-Berry model used in estimating stomatal conductance for Tamarisk or other riparian 
vegetation. The required input for the soil water potential calculation is the depth to water 
table, so the digital elevation model (DEM) must be utilized in this case to arrive at this 
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depth.  Figures 3.17 shows a DEM used in Bosque del Apache and its associated legend. 
The ArcGIS raster calculator was used to find the depth to water table; both DEM and 
water table raster input layers must be compatible with the same grid size (in this case 10 
m) to perform the raster calculation. Figure 3.18 shows the resulting depth to water table 
at the Bosque del Apache for a modeled period in February 1, 2003.  Darker colors means 
that the water table is further from land surface and brighter colors describe a closer 
water table to the land surface.  
 The importance of using the DEM is clear since it helps determine how close the 
water table is to the vegetation on the surface and whether water is readily available for 
ET or not within the root zone of the vegetation. According to Figure 3.18, water appears 
at the surface in the river (negative values) and depth to water table increases with 
distance away from the river. The deep spot in the bright area is where the depth to water 
table is highest and is consistent with the DEM image which shows that the land surface 
has a high spot at that location. 
 If more water table readings along the river and higher resolution DEM’s are 
available this will lead to a more accurate water table surface estimation, resulting in a 
better estimation of depth to water table.   
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Figure 3.17 USGS 10-meter resolution DEM of the Bosque del Apache area 
 
Figure 3.18 Depth to water table layer (meters) on Feb 22, 2003 at Bosque del Apache 
  
82 
Water Table Variation in Space and Time 
 Typical groundwater model calculated outputs of cross-section and depth to water 
table are plotted in Figures 3.19 and 3.20, 3.21, and 3.22 for two locations in the  
Albuquerque and Belen areas, respectively on DOY 168, 2003.  Figures 3.19 and 3.21 
show that in the morning, the water level is higher and closer to the surface.  As the day 
progresses, evapotranspiration by vegetation reduces the water table levels. During the 
night, when ET decreases or ceases altogether, the water table level recovers due to 
recharge from the river and/or the drain.  Figure 3.19 shows that the river is losing water 
to the riparian zone by a small amount due to the small water head difference about 0.32 
m between the river center and the 340 meter long riparian section. Figure 3.21 shows 
that the drain is losing water to the river via the riparian zone.  Figures 3.20 and 3.22 
show the depth to water table along the riparian zone starting from the river center and 
ending at the drain center. The topography of the river and the riparian zone is observable 
in those figures as a jump occurs due to the presence of the river banks. 
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Figure 3.19 Water table elevation for a modeled cross-section in the Albuquerque area 
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Distance from river vs. Depth to water table for three different times in 
Albuquerque Area (DOY 168)
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Figure 3.20 Depth to water table for a cross-section in Albuquerque area (zero distance at 
the river center) 
Distance from river vs. water table elevation for three different times in 
Belen  Area (DOY 168)
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Figure 3.21 Modeled water table elevation cross-section in the Belen area 
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Distance from river vs. Depth to water table for three different 
times in Belen Area (DOY 168)
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Figure 3.22 Depth to water table cross-section in the Belen area (zero distance at the river 
center) 
Model Validation 
 Model outputs were checked against water table readings not used in the model as 
a form of validation.  Model validation was done through space and time.  Figure 3.23 
shows the predicted values for two locations at the Albuquerque and Belen areas at 
different times plotted against water table readings. Six times were selected during July 1, 
2001, four hours apart starting at 2:00 AM. The relationship was good with a high R
2
; 
0.98, but a consistent, systematic bias was detected that might be attributed to a reference 
problem.  Despite the bias, this was good result in general and indicates that this model 
can produce estimates of water table elevation. Table 3.1 shows the geographical 
locations of all wells used in the validation process. Three wells are located in each area, 
two were used in the model and the third used for validation against the resulting values. 
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Figure 3.23 Groundwater model validations at the Albuquerque and Belen areas 
Table 3.1 Well location and names used in the validation 
Location Easting Northing Distance (m)** 
Albuquerque South* 346341 3869727 0 
Albuquerque West 346310 3869774 56.3 
Albuquerque Center 346351 3869763 37.4 
Belen South 339570 3828945 40.5 
Belen West 339543 3828988 41.3 
Belen Center* 339584 3828983 0 
 
* Reading used to validate the model estimated value 
**Distance from the reading that was used in the validation 
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Stream Flow vs. Water Table and River  
Water Level  
 The connection between river water flow rate and water table levels in river banks 
help understand the hydrological connection between the river and riparian vegetation 
and can be important as a management tool that can be used by decision makers. 
A relationship was developed between river flow rates and water table elevations 
for four locations: Albuquerque, Belen, Bosque del Apache, and Sevilleta. The river 
water level was also linked to the flow rate resulting in a strong relationship. This 
relationship is unique to each site and can only be applied to that specific section of the 
river due to variation in river geomorphology and land topography. 
River water depth is very important criteria for fishery and river aquatic life. 
Flood control measures depend on river water depth prediction according to river water 
flow variation. It will be very useful to establish a relation ship between river flow and 
river water depth and water table level along the river banks. In this study an attempt 
were made to create a relationship between the predicted water table cross-section along 
the river bank and river water flow. The river flow gages were not located at the same 
location as the water table reading, but somehow a good correlation was found between 
them, this indicates that river inflow and out flow might be stable throughout the month 
of July were this relationship was established in way that didn’t affect this correlation. It 
will be best to re-establish this relationship by using values of flow gage and water table 
at the same location.  
 The geographic location of water table wells and flow gages used to build the 
relationships are listed in Table 3.2, which also shows the distance between the related 
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water table location site and the river flow gage.  Figure 3.24 shows these locations along 
the Middle Rio Grande River. 
 Figures 3.25 through 3.35, present the relationship found between flow rate 
obtained from USGS website and water table estimated by the developed model, flow 
rate and river water level and river water level and water table, consecutively.  USGS 
provided average daily flow rate, so to be consistent, the model was set to produce 
average daily water table elevations.  The river water level and water table relationship is 
very strong with R
2
 equal to 0.99 in all locations because the model uses one variable to 
estimate the other and vice versa.  
 The river flow rate versus the river water level and average water table for 250 m 
cross-section from the river were plotted for the four locations. Setting a certain distance 
from river center is important to standardize the relationships for comparison reasons. 
The relationship in all showed a similar and strong relationship. The R
2
 ranges between 
0.69 to 0.92 for all four locations. The distance of the water flow gage from water table 
wells sites did not significantly affect the strong relationship between the water flow rate 
and water table. The Belen and Sevilleta wells were 21.9 km and 3.2 km away from the 
water flow gage respectively and this did not seem to affect the flow water table 
relationship, though flow rates measured at the site would be more desirable. The 
location of the gage from the well being upstream or downstream also showed no effect 
on the relationship.  Many sites were studied and confirmed the good relationship 
between the water table and flow rate and river water level and flow rate.  
 Figure 3.31 shows an opposite relationship between the river water level and 
water table because water is leaving the river since water elevation in the river is higher 
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at Bosque del Apache than the water table in the riparian zone as discussed earlier.  In the 
Albuquerque section the river is also losing water but in a small amounts because the 
head difference between the river water head and the riparian zone water table head is 
very small about 0.32 m.  This can easily change during higher river water flow or course 
(Figure 3.25). In Belen the river is gaining water from the riparian zone and the drain 
(Figure 3.28). 
The relationships built between the river flow rate river water level and water 
table level (averaged for defined cross-section) can be helpful tools to predict water table 
and river height according to the flow rate and vice versa.  This tool allows the decision 
Table 3.2 Well names and location of river flow gages and distance from each other 
Well Name Geographical 
Location 
Name & 
USGS No. 
Geographical Location Distance  (km) 
SHK 106 40 58.319 Long. 
34 57 31.541   Lat. 
Albuquerque 
No.08330000 
106 40 49.084 Long. 
35 05 27.273   Lat. 
16.1 
Upstream 
BLN 106 44 56.191 Long. 
34 35 21.626   Lat. 
Bernardo 
No.08332010 
106 48 2.103 Long. 
34 25 1.246     Lat. 
21.9 
Downstream 
SEV 106 52 3.969 Long. 
34 15 56.153 Lat. 
Bernardo 
No.08332010 
106 48 2.103 Long. 
34 25 1.246     Lat. 
20.8 
Upstream 
SEV 106 52 3.969 Long. 
34 15 56.153 Lat. 
San Acacia 
No.08354900 
106 53 20.099Long. 
34 15 23.24 Lat. 
3.2 
Downstream 
BOSQ 106 52 48.094 Long. 
33 46 56.262   Lat. 
San Marcial 
No.08358400 
106 59 32.097 Long 
33 40 50.242   Lat. 
17.7 
Downstream 
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maker to predict the amount of water that should be released from the dams in to the river 
to maintain certain water table level in the riparian zone and supply water demand for 
irrigation and domestic use. 
 The water table raster layer resulting from the groundwater model was used to 
obtain the depth to water table leading to the estimation of water potential above the 
water table. The soil water potential layer is one of the inputs needed in the Ball-Berry 
stomatal conductance model which will be used in the modified Penman-Monteith to 
estimate spatial ET of the Tamarisk vegetation. 
 The role of groundwater modeling, ArcGIS and spatial layers like DEM and 
vegetation maps extend the ability of point data to determine the water availability status 
at different locations and produce spatial riparian vegetation ET estimates. 
 Model results could be used to monitor native vegetation water stress (invasive 
species are not desirable) that might occur due to extensive river water diversions that 
cause significant drops in the water table.  Fire hazard areas could be outlined where the 
DEM can pin point higher elevation spots areas and water availability for riparian 
vegetation is likely to be less.  This also will help to determine river safe flows required 
to maintain fishery habitat and target water table levels that result in no stress to riparian 
vegetation and allow fair share to water resources among different regions especially for 
the native vegetation like Cottonwood (Tamarisk is an invasive vegetation and not 
desirable in the US river systems).  In this context, it is important to find a relationship 
between both the water table depth and the river flows at any point in time. 
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Figure 3.24 Locations of wells and gages along the Middle Rio Grande River, New 
Mexico 
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Flow Rate Vs. Average water table for 250 meter from river center 
for the Month of July 2001 in Albuquerque Area
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Figure 3.25 Flow rate vs. average daily water table for a 250 meter riparian section from 
the river center for the month of July 2001 (reference used 1490 m AMSL) 
Flow Rate vs. River Level for the Month of July 2001 in Albuquerque 
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Figure 3.26 Flow rate vs. river water level for the month of July 2001 for the 
Albuquerque area (reference used: 1490 m AMSL) 
  
92 
 Average water table vs. River Level for the Month of July 2001 in 
Albuquerque Area 
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Figure 3.27 Average daily water tables for 250 meter riparian section from river center 
vs. river water level for the month of July 2001 (reference used: 1490 m AMSL) 
Flow Rate Vs. Average water table for 250 meter from river center for 
the Month of July 2001 in Belen Area
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Figure 3.28 Flow rate vs. average daily water table for 250 meter riparian section from 
river center for the month of July 2001 (reference used: 1455 m AMSL) 
  
93 
Flow Rate vs. River Level for the Month of July 2001 in Belen Area
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Figure 3.29 Flow rate vs. river water level for the month of July 2001 (reference used 
1455 m AMSL) 
 Average water table vs. River Level for the Month of July 2001 in Belen Area 
y = 1.0261x + 11.543
R
2
 = 0.9909
1.050
1.060
1.070
1.080
1.090
1.100
1.110
1.120
1.130
1.140
1.24 1.26 1.28 1.3 1.32 1.34 1.36
Av. Water Table (m)
R
iv
er
 W
a
te
r 
L
ev
el
 (
m
)
 
Figure 3.30 Average daily water tables for 250 meter riparian section from river center 
vs. river water level for the month of July 2001 (reference used: 1455 m AMSL) 
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Flow Rate Vs. Average water table for 250 meter from river center for the 
Month of July 2001 in Bosque Area
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Figure 3.31 Flow rate vs. average daily water table for 250 meter riparian section from 
river center for the month of July 2001 (reference used: 1365 m AMSL) 
Flow Rate vs. River Level for the Month of July 2001 in Bosque del Apache 
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Figure 3.32 Flow rate vs. river water level for the month of July 2001 (reference used 
1365 m AMSL) 
  
95 
 Average water table vs. River Level for the Month of July 2001 in Bosque del 
Apache Area 
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Figure 3.33 Average daily water tables for 250 meter riparian section from river center 
vs. river water level for the month of July 2001 (reference used: 1365 m AMSL) 
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Figure 3.34 Flow rate vs. average daily water table for 250 meter riparian section from 
river center for the month of July 2001 at Sevilleta (reference used: 1420 m AMSL) 
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Figure 3.35 Flow rate vs. river water level for the month of July 2001 at Sevilleta 
(reference used: 1420 m AMSL) 
EVAPOTRANSPIRATION MODEL OUTPUTS 
Evapotranspiration of Riparian Vegetation  
 The evapotranspiration model has the ability to read all the land use map classes 
separately, allowing the user to isolate and ignore irrelevant classes like roads and human 
made structures when running the model. The model allows for options on how to 
estimate the evapotranspiration.  Tamarisk evapotranspiration can be estimated using 
either the modified Penman-Monteith with Ball-Berry stomatal conductance model or 
using canopy and air temperature difference method.  This model also can estimate the 
ET for Cottonwood and Coyote Willow (assuming Coyote Willow canopy’s temperature 
equal to the measured one by the tower) was estimated using Tc-Ta method. The model 
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was applied to four different areas: Albuquerque, Belen, Sevilleta, and Bosque del 
Apache. The daily ET was estimated for twenty days using Tc-Ta for Cottonwood and 
Coyote Willow and Tamarisk. ET was also estimated for Tamarisk using Penman-
Monteith with Ball-Berry stomatal conductance model in all the sites. The outputs for 
those days were compared to latent heat flux data gathered on the same days using the EC 
towers.  
 The model can produce hourly and/or daily ET.  Figures 3.36 and 3.37 show 
measured hourly and cumulative ET, respectively, for Tamarisk for DOY 121, 168, and 
242 in 2001 season.   Figure 3.36 shows that the ET is small in the morning and increases 
during the day until it peaks between 12 pm and 2 pm (highest available energy). The ET 
on May 1
st
 (DOY 121) (5.3 mm/day) was less than June 17
th
 and August 30
th 
(7.4 
mm/day). Figure 3.38 and 3.39 show that the drop in ET between 12 pm and 2:00 pm is 
resulting from a drop in the net and solar radiation during the same period.  The hourly 
ET curve followed the same trends as the solar and net radiation curves as net radiation 
represents the available energy available for the ET process. 
Spatial Evapotranspiration Mapping 
 The model can estimate spatial ET for Tamarisk and Cottonwood and was run for 
fourteen days at four different locations. The Bosque and Sevilleta areas have a weather 
station and eddy covariance system installed on towers above the Tamarisk canopy.  The 
other two locations, Albuquerque (Shirk) and Belen have similar towers installed in 
Cottonwood forests. 
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Figure 3.36 Measured Tamarisk evapotranspiration on DOY 121, 168, and 242 (mm/hr) 
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Figure 3.37 Cumulative measured evapotranspiration for Tamarisk on DOY 121, 168, 
and 242 
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Figure 3.38 Net radiation (W/m
2
) on DOY 121, 168, and 242 
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Figure 3.39 Solar radiation (W/m
2
) on DOY 121, 168, and 242 
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When selecting Tamarisk from the land use list through the model input options, 
the model will run on every pixel in the image that has Tamarisk and estimate its ET 
using the weather data and the soil moisture potential resulting from the depth to the 
water table layer. 
 Figure 3.40 represents a snap shot of vegetation map from the Albuquerque area, 
this figure is followed by Figure 3.41 which shows the locations of Tamarisk trees among 
the dense Cottonwood cover after being selected in the model input window. Figure 3.42 
shows a slice of the depth to water table coverage across the riparian zone overlaid by ET 
points estimated for Tamarisk for day 121. A deeper water table (dark blue) is found 
away from the river and surfaces closer to river (light blue, negative numbers).   
 Figure 3.43 shows the spatial ET output for DOY 242 in 2001 for three vegetation 
types, Tamarisk, Cottonwood, and Coyote Willow. The yellow color in the legend 
represents mostly Coyote Willow locations with the lowest ET values while the green is 
indicate mostly  the Cottonwood locations with ET ranges between 5.68-5.99mm/day, 
and the blue color represent highest ET values which is mostly Tamarisk. Even though 
the model has the capability of predicting spatial variability in ET if there is any, this 
image shows relatively uniform ET values due to the uniformity in depth to water table 
along this section of the river. When the river and the drain are close to each other it will 
be harder for big changes in the depth to water table to occur, especially under uniform 
land topography. The riparian zone in Albuquerque is narrow and dominated by 
Cottonwood, represented by the dark green color in the vegetation maps. The ET values 
were lowest for Coyote Willow, higher for Cottonwood and the highest for Tamarisk.  
The ET can be different under stressed conditions (Nagler et al., 2003) when depth to 
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water table is deeper than the capacity of the root zone to reach readily available water. 
Tamarisk tends to survive harsh conditions like water stress or salinity better than 
Cottonwood and Coyote Willow (Glenn et al., 1998; Vandersande et al., 2001).  This 
gives a comparative advantage to Tamarisk over the other native vegetation in situations 
where the river is de-watered, which is definitely the case in the southern reaches of the 
MRGR. 
The ET outputs for fourteen selected days for Tamarisk (at two locations; Bosque 
and Sevilleta using Tc-Ta and Penman-Monteith mehods) and for Cottonwood (in 
Albuquerque and Belen using Tc-Ta method) were compared with the latent heat flux 
measured at the towers (eddy covariance) adjusted for closure using the Bowen Ratio 
method described by Twine (2000). The ET was estimated for vegetation in the area 
around the towers. The comparisons between the estimated and the measured ET are 
presented in Figures 3.44 through 3.50. These figures show in general, a good agreement 
between the estimated and the measured ET.  
Cottonwood ET was estimated using the net radiation (Rn) and temperature 
differential method. Figure 3.44 shows good agreement between estimated and measured 
ET with less than 10% error. The 1:1 line shows that the model tends to underestimate 
ET values but within an acceptable range.  Averages of daily measured and estimated ET 
were 6.6 mm and 6.4 mm, respectively, with an RMSE of 0.54.  Figure 3.45 also shows 
Cottonwood ET modeled in a different area called Belen. The root mean squared error 
was 0.66 which represent around 12% error if compared to both estimated and measured 
ET averages. Averages of daily ET measured and the ET estimated were 5.7 mm and 5.3 
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mm, respectively with an RMSE of 0.66 mm. In this case, the model tends to 
overestimate ET values which might be attributed to a model estimation error. 
 
 
Figure 3.40 Albuquerque area vegetation map 
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Figure 3.41 Tamarisk ET estimation locations (Red dots). The dashed box is shown in the 
next figure 
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Figure 3.42 Close-up of the dashed box indicated in the previous figure showing the 
depth to water table coverage in that area 
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Figure 3.43 Evapotranspiration estimates (mm/day) for the riparian vegetation (Coyote 
Willow, Cottonwood, and Tamarisk) in the Albuquerque section for DOY 242, 2001 
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Figure 3.44 Cottonwood evapotranspiration model estimates (mm/day) (using Tc-Ta 
method) compared to measured ET at Albuquerque. Averages of daily measured and 
estimated ET were 6.6 mm and 6.4 mm, respectively, with an RMSE of 0.54 mm 
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Figure 3.45 Cottonwood evapotranspiration model estimates (mm/day) (using Tc-Ta 
method) validation with eddy covariance ET at Belen. Averages of daily ET measured 
and the ET estimated were 5.7 mm and 5.3 mm, respectively, with an RMSE of 0.66 mm 
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 Figures 3.46 and 3.47 are ET results from the two towers in the Bosque del 
Apache area, dominated by Tamarisk vegetation. The results from both towers compared 
to the model result also showed good agreement when comparing them with the latent 
heat flux ET results. The estimated error for the south tower was 9-9.5% when comparing 
the error to estimated and measured value averages.   The ET was higher in the south 
tower location because the depth to water table was smaller in this section of the river 
(Figure 3.13).  
 Figure 3.48 shows the comparison using ET estimates obtained using the 
temperature differential method. The model considerably underestimated ET with a high 
percentage error of 30%. One of the possible reasons that contributed to this error might 
be attributed to the occurrence of high advection rates and heterogeneous vegetation 
cover. This might be an indication that the temperature differential method can not cope 
with these atmospheric conditions. Figure 3.49 and 3.50 show two ET results in Sevilleta 
area using the temperature differential method and modified Penman-Monteith method. 
The temperature differential method produced a reasonable agreement between estimates 
and measured ET with an error of 9%, while the modified Penman-Monteith method 
over-estimated the ET. The Tamarisk cover at the Sevilleta area is sparse unlike the 
Tamarisk cover at Bosque which is very dense. These conditions enhance ET process 
leading to larger values.  In addition, the Penman-Monteith method is a one-layer big-leaf 
model, better suited for full cover, dense canopies.  The temperature differential method 
might be more appropriate to use in Sevilleta than the Modified Penman-Monteith, 
because of the non-uniform surface cover. If the surface is not fully covered with 
Tamarisk, ET is expected to be lower than what Penman- Monteith method estimates. 
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Figure 3.46 Tamarisk evapotranspiration model estimates (mm/day) using Modified 
Penman-Monteith compared to eddy covariance ET in the Bosque area (South tower). 
Averages of daily ET measured and the ET estimated were 7.0 mm and 6.5 mm, 
respectively. RMSE was 0.62 mm for the year 2001 
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Figure 3.47 Tamarisk evapotranspiration model estimates (mm/day using Modified 
Penman-Monteith compared to Eddy Covariance ET in Bosque area (North tower). 
Averages of daily ET measured and the ET estimated were 6.1 mm and 6.5 mm, 
respectively. RMSE was 0.47 mm for the year 2001 
  
109 
4
5
6
7
8
9
4 5 6 7
Estimated ET (mm/day)
M
e
a
su
r
e
d
 E
T
 (
m
m
/d
a
y
)
 
Figure 3.48 Tamarisk evapotranspiration model estimates (mm/day) by temperature 
differential method comparison with Eddy Covariance ET in Bosque area (North tower). 
Averages of daily ET measured and the ET estimated were 6.1 mm and 5.5 mm, 
respectively. RMSE was 1.8 mm for the year 2001 
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Figure 3.49 Tamarisk evapotranspiration model estimates (mm/day) using temperature 
differential method compared to Eddy Covariance ET in Sevilleta area. Averages of daily 
ET measured and the ET estimated were 5 mm and 4.7 mm, respectively. RMSE was 
0.46 mm for the year 2001 
  
110 
3
4
5
6
7
3 4 5 6 7
Estimated (mm/day)
M
ea
su
re
d
 (
m
m
/d
a
y
)
 
Figure 3.50 Tamarisk evapotranspiration model estimates (mm/day) using Modified 
Penman-Monteith compared to Eddy Covariance ET in Sevilleta area. Averages of daily 
ET measured and the ET estimated were 5 mm and 6.2 mm, respectively. RMSE was 1.2 
mm for the year 2001 
 Figures 3.51 through 3.56 show the daily estimated and measured ET for all the 
locations and different vegetation types using Tc-Ta for Cottonwood ET estimation.Both, 
Penman-Monteith and Tc-Ta methods was used for Tamarisk ET estimation.  Figure 3.51 
and 3.52 show the daily ET for Cottonwood in Albuquerque and Belen and similar 
trends. The variability is mainly due to the plants response to the environmental 
conditions.  The measured and estimated ET curves show when the model overestimates 
or underestimates ET values. Both curves followed the same trend with acceptable 
margin of error as discussed earlier. The good agreement between estimated and 
measured Cottonwood ET results, justify using the simpler approach for estimating ET 
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by using available solar energy and canopy air temperature difference.  Canopy 
temperature can be obtained spatially from satellite or airborne platforms using the 
thermal infrared spectral band (8-12 µm), though satellite thermal imagery is usually 
coarse in pixel size and not so useful for riparian applications. 
Figures 3.53, 3.54 and 3.55 show the daily ET for Tamarisk in Bosque del Apache 
and Sevilleta. As expected similar curves were obtained at the Bosque south and north 
towers and different ET curve was obtained at the Sevilleta site. The lower values of ET 
in Sevilleta area can be attributed to the fact that Tamarisk is not as dense as in Bosque 
del Apache area which may explain why the Penman-Monteith method is over estimating 
ET at Sevilleta. 
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Figure 3.51 Cottonwood evapotranspiration estimates and measured values (mm/day) for 
16 days in Albuquerque area using Tc-Ta method 
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Figure 3.52 Cottonwood evapotranspiration estimates and measured values (mm/day) for 
16 days in Belen area using Tc-Ta method 
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Figure 3.53 Tamarisk evapotranspiration model estimates (canopy temperature method) 
(mm/day) for 14 days in Sevilleta area using Tc-Ta method 
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Figure 3.54 Tamarisk evapotranspiration model estimates (Penman Monteith Method) 
(mm/day) for 14 days in Bosque area (south tower) 
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Figure 3.55 Tamarisk evapotranspiration model estimates (Penman Monteith Method) 
(mm/day) for 12 days in Bosque area (north tower) 
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 Figure 3.56 shows the vegetation distribution map at the Bosque del Apache area. 
The ET values are very close in value and the difference among them is not significant. 
The highest ET was 7.48 mm/day and lowest 7.32 indicating that the depth to the water 
table was not large enough to result in significant differences in water potential in the 
root zone. The river water surface area shown is from an image acquired on a later date 
than day 168 and is not related to the depth to water table pattern. 
 
Figure 3.56 A section from Bosque del Apache area vegetation map 
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Canopy Resistance 
 Figure 3.57 shows that the modeled canopy resistance (rc) increases as the day 
progresses. This is because the stomata react to vapor pressure deficit (VPD) which 
increases during the day (Figure 3.58). The rc response does not necessary follow the 
VPD variation at the same pace, because there are other factors affecting canopy 
resistance. The overall observation is that rc estimated from Ball-Berry model behaved in 
a predictable and reasonable way when compared to saturation deficit. 
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Figure 3.57 Canopy resistance for Tamarisk at the Bosque del Apache estimated using 
the Ball-Berry Model 
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Figure 3.58 Vapor pressure deficits (Pa) 
Water Potential Output 
 Soil water potential is an essential input to the Ball-Berry model for estimating 
stomatal conductance. Tamarisk is rarely stressed since it has deep roots. It is expected 
that other native riparian trees will experience stress far before Tamarisk does. The water 
table was close to the surface so the soil was at field capacity or even at saturation in the 
different cases examined. Therefore there was no significant difference in spatial ET 
since the soil water is not limiting factor in the Bosque del Apache area, where the 
riparian zone (around 500 meter wide on each side of the river) is located in between an 
agricultural irrigation water drain and the river. The canopy in this area is dense with a 
high leaf area.  Figure 3.59 shows soil water potential for the three dates, where on DOY 
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242 the soil was saturated while in summer and spring time it was fairly close to field 
capacity (0.033 MPa).   
Figure 3.60 shows soil water potential cross-section along the riparian zone. The 
step like shape in the curve indicates surface topography variation according to the DEM 
used. The deeper water table will result in higher soil water potential (in negative term) in 
the upper soil profile.  
Water Flux Output 
An hourly water flux rate was estimated as discussed in the methodology section. 
The water flux was calibrated using night time gain or recharge to water table. 
Evapotranspiration decreased to zero around 10 pm so this allowed estimating the 
transmissivity (KD) of the soil since the head is known (discussed in Methodology 
section). The water table updates take into consideration the hourly flux; deducting ET 
and adding recharge. Soil porosity is needed in this case to add ET and flux values to 
water table (in soil media).  The model is capable of this process of updating and 
recharging the water table. Figures 3.61, 3.62, and 3.63 show the water flux along the 
riparian zone bordered by the drain and the river. The water flux was averaged 
throughout the day on an hourly basis and given hourly fixed values to maintain steady 
state conditions. 
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Figure 3.59 Soil water potential in Bosque del Apache 
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Figure 3.60 Soil water potential along a cross-section in Bosque del Apache Feb 1st 2003 
(DOY 121) 
  
119 
Water Flux mm/hr
0.000
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0 100 200 300 400 500 600 700
Distance  (m)
W
a
te
r 
F
lu
x
 (
m
m
/h
r)
DOY121
 
Figure 3.61 Water flux across the riparian zone between the river and the drain on DOY 
121 
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Figure 3.62 Water flux across the riparian zone between the river and the drain on DOY 
168 
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Figure 3.63 Water flux across the riparian zone between the river and the drain on DOY 
242 
Riparian Vegetation Water Use along the River 
 The major riparian vegetations in the Middle Rio Grande are Tamarisk and 
Cottonwood (see Chapter 2). The area occupied by each class was estimated from the 
vegetation map produced by Akasheh et al. (see Chapter 2). Vegetation classes areas 
multiplied by ET for each class result in the water use per linear km of river reach. Table 
3.3 shows the estimated volume of water used per km of river reach at the four different 
study areas.  This type of information is very important for river managers at it will help 
them know how much water (by volume) is required to be released from the Cochiti Dam 
to support the aquatic life as well as the riparian vegetation and irrigation use. The water 
use was highest in the Shirk area where the Cottonwood population dominates and is very 
dense. The second highest is at the Bosque area where Tamarisk is the main vegetation 
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type. The Tamarisk is also dense at this location which explains the high water use. This 
does not mean that the water is more available than the other locations, but because 
Tamarisk has the ability to transpire and survive even under stressful conditions (Cleverly 
et al., 1997). 
SUMMARY 
 This research provided a comprehensive way to estimate the spatial 
evapotranspiration for the riparian vegetation in the Middle Rio Grande River, New 
Mexico.  Two spatial layers were developed to prepare the base for ET estimation and 
water use by the riparian vegetation along the river. The first layer is the water table layer 
produced by the groundwater table model. The water table is the main source of moisture 
for the riparian vegetation. The other layer is the vegetation map which was produced to 
cover the whole Middle Rio Grande river reach at 0.5 meter resolution. This map is the 
first in the history of middle Rio Grande River at this detailed scale. These two layers 
along with the meteorological data obtained from the four different towers along the river 
were used to produce spatially distributed ET estimates. The negative sensible heat flux 
indicate an advection condition where the prevailing arid conditions in New Mexico 
affected the river microenvironment by  adding more energy (hot dry air) above the 
riparian canopy enhancing the ET process. Therefore, the modified Penman-Monteith 
with atmospheric coupling factor was adopted to estimate ET. The estimated ET was 
validated with eddy covariance latent heat flux and found to be in a very good agreement 
under dense canopy conditions. 
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 Spatial variation in ET for each class was not significant. This is because water 
was not a limiting factor in the year of this study. 
 The resulting vegetation map accompanied with the evapotranspiration estimation 
will provide the decision makers in the Middle Rio Grande River with a very good tool to 
determine how much water is used by riparian vegetation along river sections and how 
much water needed to be released from dams to sustain healthy river system. 
CONCLUSIONS AND RECOMMENDATIONS. 
 Spatial ET mapping is a powerful tool in understanding the effect of spatial 
variability of different parameters like water table and soil water potential.  A digital 
elevation model proved to be an important layer for rivers system management and 
riparian vegetation ET estimation. Both the water table surface layer and depth to the 
water table created in this model help in determining the water availability to riparian 
vegetation.   
 This model can serve in many aspects concerning rivers and riparian forests 
management. The spatial coverage of depth to the water table can be an indicator of 
potential water stress especially in areas with desirable vegetation coverage (native 
vegetation) by detecting high spots where the plants are more vulnerable to water stress. 
A good relationship was found between river water flow rate and water table levels. This 
relationship can be used to determine the amount of water that should flow in the river to 
sustain a healthy in-stream river system. 
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 The ET spatial variation was not significant for the year of study 2001. It is 
recommended to apply this data on a dry year to detect ET variation due to increasing 
depth to water table.  
 The physiological parameters needed for Ball-Berry model are not known for the 
riparian vegetation, therefore it is recommended to study and determine those parameters 
for better ET estimation.   
 Riparian vegetation water use is very useful for decision makers in the Middle 
Rio Grande River to determine the amount of water needed to be released from Cochiti 
Dam to supply the water demand for different uses.  
 It is recommended that higher resolution DEM’s be used to improve the depth to 
water table estimates. Digital elevation models are an essential input and better spatial 
resolution will improve the model results. The ideal scenario for better river management 
is to have systematic water table reading distributed along the river spaced at reasonable 
distances. The model requires a minimum of two wells at each location, for its 
application. This will help creating a continuous and more accurate water table surface 
layer. 
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CHAPTER 4  
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 The Middle Rio Grande River is facing a critical management question. That is, 
how much water to release from Cochiti Dam upstream to meet all the water 
requirements for different land uses and the New Mexico domestic population and 
industrial needs?. This study tried to answer this question by mapping the riparian 
vegetation and estimate their water use.  
 The results of this research showed deterioration in the native vegetation and 
increase in the invasive harmful vegetation like Tamarisk. This is very clear when 
looking into the vegetation distribution analysis where Tamarisk occupies more areas 
than any other type of vegetation, including Cottonwood, in the downstream direction of 
the river riparian zone. 
 The vegetation evapotranspiration was found to be uniform for certain type of 
vegetation along the riparian zone because water was not a limiting factor in the root 
zone in the year of this study (2001).  
 Future monitoring of riparian and wetland ecosystems using high-resolution 
airborne RS will aid in the detection of escalating problems due to water quantity and 
quality in the riverine habitats. High-resolution RS can aid in detecting changes in 
vegetation due to natural causes or control practices on introduced or invasive species 
such as Tamarisk.  The effectiveness of new Tamarisk control methods, such as using a 
beetle imported from Asia, could also be assessed with a future over flight of the river 
and similar analysis of the imagery. 
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 It is recommended to study a dry year in the future to detect any variability in the 
vegetation evapotranspiration along the riparian zone and with respect to vegetation 
proximity to the river. Also better digital elevation model resolution is recommended in 
future studies where depth to water table could be estimated more accurately. 
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Quad Name Three-Band Size (MB) Classification Size (MB) 
Albuquerque 1670 623 
Isleta 1700 666 
Las Lunas 1890 653 
Tome 1000 363 
Turn_Veguita 1290 808 
Abeytas 2090 697 
La Joya 1450 472 
San Acacia 1320 435 
Loma De Canas 1650 599 
San Antonio N. 1070 345 
San Antonio S. 1540 547 
San Marcial 2300 1550 
Paraje 1880 664 
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